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Recently, atomically thin two-dimensional (2D) layered materials such as graphene 

and transition metal dichalcogenides (TMDCs) have emerged as a new class of materials 

due to their unique electronic structures and optical properties at the nanoscale limit. 2D 

materials also hold great promises as building blocks for creating new heterostructures for 

optoelectronic applications such as atomically thin photovoltaics, light emitting diodes, and 

photodetectors. Understanding the fundamental photo-physics process in 2D 

semiconductors and heterostructures is critical for above-mentioned applications.  

In Chapter 1, we briefly describe photo-generated charge carriers in two-

dimensional (2D) transition metal dichalcogenides (TMDCs) semiconductors and 

heterostructures. Due to the reduced dielectric screening in the single-layer or few-layer of 

TMDCs semiconductors, Columbo interaction between electron and hole in the exciton is 

greatly enhanced that leads to extraordinary large exciton binding energy compared with 

bulk semiconductors. The environmental robust 2D excitons provide an ideal platform to 

study exciton properties in TMDCs semiconductors. Since layers in 2D materials are 

holding by weak van de Waals interaction, different 2D layers could be assembled together 

to make 2D heterostructures. The successful preparation of 2D heterostructures paves a 

new path to explore intriguing optoelectronic properties. 
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In Chapter 2, we introduce various optical microscopy techniques used in our work 

for the optical characterization of 2D semiconductors and heterostructures. These optical 

imaging tools with high spatial and temporal resolution allow us to directly track charge 

and energy flow at 2D interfaces. 

Exciton recombination is a critical factor in determining the efficiency for 

optoelectronic applications such as semiconductor lasers and light-emitting diodes. 

Although exciton dynamics have been investigated in different 2D semiconductor, large 

variations in sample qualities due to different preparation methods have prevented 

obtaining intrinsic exciton lifetimes from being conclusively established. In Chapter 3, we 

study exciton dynamics in 2D TMDCs semiconductors using ultrafast PL and transient 

absorption microscopy. Here we employ 2D WS2 semiconductor as a model system to 

study exciton dynamics due to the low defect density and high quantum yield of WS2. We 

mainly focus on how the exciton population affects exciton dynamics. At low exciton 

density regime, we demonstrate how the interlayer between the bright and dark exciton 

populations influence exciton recombination. At high exciton density regime, we exhibit 

significant exciton-exciton annihilation in monolayer WS2. When comparing with the 

bilayer and trilayer WS2, the exciton-exciton annihilation rate in monolayer WS2 increases 

by two orders of magnitude due to enhanced many-body interactions at single layer limit.  

Long-range transport of 2D excitons is desirable for optoelectronic applications 

based on TMDCs semiconductors. However, there still lacks a comprehensive 

understanding of the intrinsic limit for exciton transport in the TMDCs materials currently. 

In Chapter 4, we employ ultrafast transient absorption microscopy that is capable of 

imaging excitons transport with ~ 200 fs temporal resolution and ~ 50 nm spatial precision 
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to track exciton motion in 2D WS2 with different thickness. Our results demonstrate that 

exciton mobility in single layer WS2 is largely limited by extrinsic factors such as charge 

impurities and surface phonons of the substrate. The intrinsic phonon-limited exciton 

transport is achieved in WS2 layers with a thickness greater than 20 layers. 

Efficient photocarrier generation and separation at 2D interfaces remain a central 

challenge for many optoelectronic applications based on 2D heterostructures. The 

structural tunability of 2D nanostructures along with atomically thin and sharp 2D 

interfaces provides new opportunities for controlling charge transfer (CT) interactions at 

2D interfaces. A largely unexplored question is how interlayer CT interactions contribute 

to interfacial photo-carrier generation and separation in 2D heterostructures. In Chapter 5, 

we present a joint experimental and theoretical study to address carrier generation from 

interlayer CT transitions in WS2-graphene heterostructures. We use spatially resolved 

ultrafast transient absorption microscopy to elucidate the role of interlayer coupling on 

charge transfer and photo-carrier generation in WS2-graphene heterostructures. These 

results demonstrate efficient broadband photo-carrier generation in WS2-graphene 

heterostructures which is highly desirable for atomically thin photovoltaic and 

photodetector applications based on graphene and 2D semiconductors. 

CT exciton transport at heterointerfaces plays a critical role in light to electricity 

conversion using 2D heterostructures. One of the challenges is that direct measurements of 

CT exciton transport require quantitative information in both spatial and temporal domains. 

In order to address this challenge, we employ transient absorption microscopy (TAM) with 

high temporal and spatial resolution to image both bright and dark CT excitons in WS2-

tetrance and CVD WS2-WSe2 heterostructure. In Chapter 6, we study the formation and 
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transport of interlayer CT excitons in 2D WS2-Tetracene vdW heterostructures. TAM 

measurements of CT exciton transport at these 2D interfaces reveal coexistence of 

delocalized and localized CT excitons. The highly mobile delocalized CT excitons could 

be the key factor to overcome large CT exciton binding energy in achieving efficient charge 

separation. In Chapter 7, we study stacking orientational dependent interlayer exciton 

recombination and transport in CVD WS2-WSe2 heterostructures. Temperature-dependent 

interlayer exciton dynamics measurements suggest the existence of moiré potential that 

localizes interlayer excitons. TAM measurements of interlayer excitons transport reveal 

that CT excitons at WS2-WSe2 heterointerface are much more mobile than intralayer 

excitons of WS2. We attributed this to the dipole-dipole repulsion from bipolar interlayer 

excitons that efficiently screen the moiré potential fluctuations and facilitate interlayer 

exciton transport. Our results provide fundamental insights in understanding the influence 

of moiré potential on interlayer exciton dynamics and transport in CVD WS2-WSe2 

heterostructures which has important implications in optoelectronic applications such as 

atomically thin photovoltaics and light harvesting devices.  
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 INTRODUCTION 

1.1 Two-dimensional van der Waals materials 

1.1.1 Overview 

Two dimensional (2D) van der Waals (vdW) materials including graphene, 

hexagonal-boron nitride, and transition-metal dichalcogenides (TMDCs) have recently 

emerged as a new class of materials due to unique optical and electronic properties1-17 

holding great promise for novel optoelectronic, spintronics, and plasmonic applications18-

32. 

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice that is first 

isolated and studied by K.S. Novoselov and A.K. Geim1.  Due to its unique structure, 

graphene exhibits extraordinary electronic properties such as ultrahigh carrier mobility3, 33-

36, superior thermal conductivity37, and excellent mechanical properties38.  The rise of 

graphene also triggers explosive research interests on other 2D vdW materials. Transition 

metal dichalcogenides (TMDCs) such as MoS2, MoSe2, WS2, and WSe2 are analog of 

graphene with finite band gap. Atomically thin TMDCs exhibit unique electronic 

properties such as indirect to direct bandgap transition7, 10, large spin-orbit coupling39-40, 

and strong light-matter interaction41. The atomically-thin nature of the monolayer TMDCs 

also gives rise to a strong enhancement of the Coulomb interaction between the electron 

and the hole42 which provides an exciting platform for both fundamental research and 

device applications. 
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1.1.2 Excitons in two-dimensional semiconductors 

An exciton is a bounded electron and hole pair due to the Coulomb attraction43. 

Excitons in solids are divided into two types which are Wannier (or Wannier-Mott) and 

Frenkel excitons depending on the strength of Coulomb interaction. In semiconductors, 

due to the large dielectric constant, Coulomb interaction is effectively screened by the 

dielectric environment, resulting in a delocalized exciton with a radius much larger than 

the lattice spacing. Such excitons are usually called Wannier excitons as shown in Figure 

1.1 (a). The exciton binding energy of a typical Wannier exciton is on the order of 10 meV. 

On the other hand, in solids with small dielectric constant, such as ionic crystals and 

organic molecule semiconductors, electron and hole are tightly bounded with the exciton 

binding energy on the order of a few hundred meV. Such localized excitons are usually 

called Frenkel excitons. The size of a Frenkel exciton is usually the same order as the size 

of the unit cell. The illustration of Wannier and Frenkel exciton is shown in Figure 1.1.  

 

Figure 1.1 Schematic of two types of excitons: (a) Wannier exciton and (b) Frenkel 

exciton. 

 

Besides the dielectric constant, exciton binding energy is also strongly dependent on 

the dimensionality as displayed in the following equation44: 
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                                                        𝐸𝑛 = −
𝐸0

(𝑛+
𝛼−3

2
)
2                                                  (1) 

where 𝑛 is the principle quantum number; 𝛼 is the dimensionality; and 𝐸0 is the exciton 

Rydberg.  

Due to the reduced dimensionality, exciton binding energy is a factor of 4 larger in 

2D excitons than 3D excitons without the effect of the dielectric environment. Since 2D 

exciton is strongly confined in the plane of single layer42, as shown in Figure 1.2, the 

dielectric screening is significantly reduced due to that the electric field between electrons 

and holes extend to the outside of the sample. The reduced dielectric screening further 

enhances exciton binding energy in 2D semiconductors42. Previous optical spectroscopy 

measurements have determined exciton binding energy in monolayer TMDCs to be on the 

order of several hundreds of meV42, 45-51. The corresponding ground-state Bohr radii of 

excitons are on the order of nanometers and the wave function extends over several unit 

cells suggesting that 2D excitons lie in the marginal case in between typical Wannier 

excitons and Frenkel excitons47, 52. The remarkable large exciton binding energy implies 

high thermal stability of 2D excitons even at room temperature that provides an ideal 

platform to study exciton dynamics and transport.  

 

Figure 1.2 Schematic of excitons in the single layer WS2 on a substrate. 
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1.2 2D van der Waals heterostructures  

1.2.1 Assemble of 2D van der Waals heterostructures 

Due to the weak van der Waals forces between layers in 2D materials, 2D 

heterostructures can be assembled by artificially stacking layers of different 2D materials 

without the restrict growth conditions in conventional bulk heterostructure such as lattice 

matching and atom interdiffusion53-56. Fabrication of 2D heterostructures with atomically 

sharp interfaces paves a new pathway for creating nanostructures with intriguing 

optoelectronic, spintronic, and plasmonic properties23, 25, 57-68. 

Typically, there are two protocols for preparing van der Waals heterostructures by 

mechanical transfer (top-down) and direct-growth (bottom-up) approaches. The 

mechanical transfer method is the most straightforward and widely used fabrication 

technique to create 2D heterostructures11, 69-73. The initial technique is based on exfoliating 

a flake of 2D material on a sacrificial polymer, aligning and placing it on another flake, 

and then removing the polymer. Thermal annealing is typically used to remove the 

contaminants and improve the interfacial contact. Recently, a substitute dry transfer 

method is developed to use the membrane to lift a 2D flake up and transfer on another 2D 

flake. This technique leads to clean interfaces over large areas. Direct-growth technique 

such as chemical vapor deposition (CVD) is a promising way for scalable production of 

2D heterostructures.  The growth process usually involves the vapor-phase reactions in 

which the reactants are generated by thermal evaporation of specific source materials74-77.  
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1.2.2 Charge transfer in 2D heterostructures 

 

Figure 1.3 (a) Schematic of charge transfer in type II WS2-WSe2 heterostructures after 

photo-excitation; (b) Spatially indirect interlayer excitons in WS2-WSe2 heterostructures. 

After charge separation, electrons and holes are residing in WS2 and WSe2 layers 

respectively. 

 

In TMDCs heterostructure with staggered type II band alignment78-80, photo-

excited carriers could undergo efficient charge separation due to the built-in electric field 

at the interface. Take a 2D WS2-WSe2 heterostructure as a model system for illustration, 

after photo-excitation, electrons transfer from WSe2 to WS2 while holes transfer from WS2 

to WSe2 as shown in Figure 1.3 (a). Previous studies demonstrated robust ultrafast charge 

transfer (≤ 50 fs) across the interface with arbitrary aligned hetero-bilayer81-91 independent 

of stacking orientation. In hetero-bilayers with large momentum mismatch, charge 

separation is expected to be accompanied by a significant momentum change. It is still a 

puzzle to understand how parallel momentum is conserved during the charge transfer. A 
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previous experiment suggests that excess electronic energy allows the sampling of a 

broader range of momentum space to overcome the momentum conservation92. 

After charge separation, electrons and holes are spatially separated into different 

layers and result in the formation of a new bounded interlayer CT states as shown in Figure 

1.3 (b).  Due to the reduced dielectric screening, the interlayer exciton is tightly bounded 

with binding energy on the order of 100 meV52, 92. The existence of interlayer CT exciton 

has been confirmed using PL spectroscopy 58, 62, 73, 93-104.  

Understanding the interlayer exciton recombination and transport behavior provide 

fundamental insights to explore 2D heterostructures for optoelectronics and light 

harvesting applications. Time-resolved PL measurements present long-lived nature of 

interlayer exciton that is over two orders of magnitude longer than intralayer exciton 

lifetime at low temperature93, 96-97, 101, 105 due to the spatial separation of electrons and holes 

in different layers.  Previous experimental evidence displays that interlayer excitons in 

MoS2-WS2 heterostructure decay mostly via non-radiative recombination such as defect-

assisted recombination and exhibits no correlation with interfacial crystallographic 

alignment82. The large discrepancy in interlayer exciton lifetimes indicates that sample 

quality is critical to study intrinsic interlayer exciton recombination. Monolayer TMDCs 

semiconductors usually have short diffusion length due to fast exciton recombination and 

enhanced exciton-impurities and exciton-phonon scattering at the single layer limit106-111. 

The long-lived interlayer excitons in TMDCs heterostructures help overcome this 

limitation and enable long-range interlayer exciton transport62, 101.  A recent study by 

Unuchek et al demonstrates room temperature electrical control of interlayer exciton 

transport in MoSe2-WSe2 heterostructure62. The interlayer exciton diffusion is modulated 
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by applying a vertical electric field to create confining and repulsive potentials for the 

exciton flux62. Although interlayer exciton diffusion length is obtained through spatially-

resolved PL imaging in the previous study62, it is a puzzle on how interlayer exciton motion 

evolves with time. Further investigation is necessary to elucidate this question by using 

time-resolved imaging technique.  

1.2.3 Charge transfer in mixed-dimensional heterostructures 

 

Figure 1.4 (a) Schematic of 2D WS2-tetracene heterostructures. (b) Band alignment of the 

1L-WS2/tetracene heterostructure. 

 

While the previous topic discusses the photo-physics process in 2D-2D 

heterostructures, the concept of van der Waals heterostructures can be extended to integrate 

any layered 2D materials with a class of materials with different dimensionality to form 

mixed-dimensional heterostructures.  An interesting combination is to use TMDCs 

semiconductors and molecular semiconductors to build 2D-0D heterostructures68, 112-119. 

Here, we use WS2-tetrance (Tc) (Figure 1.4 (a)) as a model system to demonstrate charge 

transfer across hetero-interface. As shown in Figure 1.4 (b), 1L-WS2 and Tc form a 

staggered type II band alignment. The conduction band minimum (CBM, −3.4 eV)120 of 
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the 1L-WS2 locates lower than the lowest unoccupied molecular orbital (LUMO, −2.4 

eV)121 of Tc molecules allowing electron transfer from Tc to WS2, whereas the valence 

band maximum (VBM, −5.8 eV)120 of WS2 lies lower than the highest occupied molecular 

orbital (HOMO, −5.4 eV)121 of Tc allowing hole transfer from WS2 to Tc. Although a 

previous work presents ultrafast exciton dissociation in MoS2-pentacene heterostructure on 

the time scale of 6.7 ps and the charge transfer states live as long as 5.1 ns112, no direct 

experimental evidence of interlayer CT exciton has been provided.  In photovoltaic devices 

based on 2D heterostructures, electrons and holes of CT excitons need to overcome large 

interlayer exciton binding energy to generate free electrons and holes leading to efficient 

photocurrent generation52. CT excitons diffusion is proposed to be essential for charge 

separation that requires further measurements to resolve this process.  
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 OPTICAL MICROSCOPY FOR TWO-

DIMENSIONAL MATERIALS CHARACTERIZATION 

This chapter is adapted with permission from Long Yuan, Ting-Fung Chung, Agnieszka Kuc, Yan Wan, 

Yang Xu, Yong P. Chen, Thomas Heine, and Libai Huang, Science Advance, 2018, 4, e1700324; Long Yuan 

and Libai Huang, Nanoscale, 2015, 7, 7402-7408; Tong Zhu, Long Yuan, Yan Zhao, Yan Wan, Jianguo Mei, 

Libai Huang, Science Advance, 2018, 4, eaao3104. 

2.1 Ultrafast transient absorption microscopy 

2.1.1 Description of ultrafast transient absorption microscopy  

 

Figure 2.1 Schematics of TAM setup. OPO: optical parametric oscillator; AOM: acoustic 

optical modulator; BBO: beta barium borate. 

 

Figure 2.1 displays a schematic diagram of home-built transient absorption 

microscopy (TAM) used in our work. Briefly, a Ti: Sapphire oscillator (Coherent Mira 900) 

pumped by a Verdi diode laser (Verdi V18) is used as the light source (output at 790 nm, 

80 MHz repetition rate). 70% of the pulse energy is fed into the optical parametric oscillator 

(Coherent Mira OPO) to generate probe light between 610 and 640 nm, while the remaining 

30% is doubled to 395 nm using a beta barium borate crystal. The pump beam is modulated 

at 1 MHz using an acoustic optical modulator (Model R21080-1DM, Gooch&Housego). 

An objective with high N.A. is used to focus both pump and probe beams onto the sample, 

and the reflection light is then collected by the same objective and detected by an avalanche 



34 

 

Si photodiode (Hamamatsu). The change in the probe reflection (∆𝑅) induced by the pump 

is detected by a lock-in amplifier (HF2LI, Zurich Instrument). For transient dynamics scans, 

pump beam and probe beam are overlapped spatially and a mechanical translation stage 

(Thorlabs, LTS300) is used to delay the probe with respect to the pump.  

2.1.2 Transient absorption imaging  

Typically, there are two common transient absorption imaging configurations: (1) 

morphological imaging; (2) exciton transport imaging. For morphological TAM imaging, 

pump beam and probe beam are overlapped spatially and a piezo-electric stage (P-527.3Cl, 

Physik Instrumente) is used to scan the sample. For exciton transport imaging, the pump 

beam is fixed and a two-dimensional galvo mirror (GVS012, Thorlabs) is used to scan the 

probe beam relative to the pump beam in space to obtain the carrier propagation images. 

2.1.3 Imaging exciton transport by transient absorption microscopy 

To quantify exciton transport, exciton population as a function of space and time is 

described by a differential equation that includes both the transport out of the initial volume 

and population decay, which is given by, 

                                        
𝜕𝑛(𝑥,𝑦,𝑡)

𝜕𝑡
= 𝐷 [

𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑥2
+

𝜕2𝑛(𝑥,𝑦,𝑡)

𝜕𝑦2
] −

𝑛(𝑥,𝑦,𝑡)

𝜏
                             (1) 

where 𝑛(𝑥, 𝑦, 𝑡) is the exciton population at time 𝑡, 𝐷 is the exciton diffusion constant, and 

𝜏 is the exciton lifetime.  The initial population 𝑛(𝑥, 𝑦, 0) follows Gaussian distribution as 

created by a Gaussian pump beam at position (𝑥0, 𝑦0) and is given by: 

                                        𝑛(𝑥, 𝑦, 0) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎𝑥,0
2 −

(𝑦−𝑥0)
2

2𝜎𝑦,0
2 ]                                   (2) 

Solution to Equation (1) indicates that exciton density at any later delay time (t) is also 

Gaussian and is described as: 
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                                        𝑛(𝑥, 𝑦, 𝑡) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎𝑥,𝑡
2 −

(𝑦−𝑦0)
2

2𝜎𝑦,𝑡
2 ]                                    (3) 

The diffusion constant 𝐷 is then given by: 

                                                        𝐷𝑥(𝑦) = 
𝜎𝑥(𝑦),𝑡
2 −𝜎𝑥(𝑦),0

2

2𝑡
                                                 (4) 

The exciton transport length, L, at delay time, t, is related to the variance of the exciton 

density profile and the exciton diffusion constant (D), 

                                              𝐿𝑥(𝑦)
2 = 𝜎𝑥(𝑦),𝑡

2 − 𝜎𝑥(𝑦),0
2 = 2𝐷𝑥(𝑦)𝑡                                      (5)                                                                           

2.1.4 Factors that limit the spatial precision of exciton transport imaging 

In the TAM imaging of exciton transport, the precision in determining the exciton 

propagation distance L is dictated by the smallest measurable change in the population 

profiles which is ~100 nm, and not directly by the diffraction limit. The measured carrier 

distribution is convoluted with profiles of both pump and probe beam so that the measured 

carrier distribution is written as: 

                                     𝜎(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡)
2 = 𝜎(𝑒𝑥𝑐𝑖𝑡𝑜𝑛)

2 + 𝜎(𝑝𝑢𝑚𝑝)
2 + 𝜎(𝑝𝑟𝑜𝑏𝑒)

2                           (6)                                                              

The diffusion length of exciton propagation is written as: 

                                                          𝐿2 = 𝜎(𝑡)
2 − 𝜎(0)

2                                                          (7)                                                                

Since 𝜎(𝑝𝑢𝑚𝑝)
2  and 𝜎(𝑝𝑟𝑜𝑏𝑒)

2  don’t change during pump-probe delay, the diffusion length is 

only determined by the change of carrier density profiles. 

Here we perform a sensitivity analysis by differentiating equation 7 and obtain the 

error of measured diffusion length written as: 
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 ∆𝐿 = √
𝜎(𝑡)
2

𝜎(𝑡)
2 −𝜎(0)

2 (∆𝜎(𝑡)
2 )

2
+

𝜎(0)
2

𝜎(𝑡)
2 −𝜎(0)

2 (∆𝜎(0)
2 )

2
= √∆𝜎(𝑡)

2 + (
𝜎(0)

𝐿
)
2
(∆𝜎(0)

2 − ∆𝜎(𝑡)
2 )             (8)                                                                

From equation (8), we clearly see the error mainly comes from the uncertainty of Gaussian 

profiles obtained at different time delays, which is determined by the signal-to-noise of the 

TAM system.  

2.1.5 Noise analysis 

There are two main sources of noise contributing to TAM imaging: laser fluctuation 

noise and electronic noise from the detection system (for example, detector and lock-in 

amplifier). Noise due to laser intensity fluctuations can be effectively eliminated by using 

heterodyne lock-in detection with MHz modulation122 where the intensity of the excitation 

beam (or additional local oscillator) is modulated by an acoustic-optical modulator. 

Subsequently, a lock-in amplifier referenced to this modulation frequency can sensitively 

extract the induced signal. The fluctuation of laser intensity (
1

𝑓
 noise) usually occurs at low 

frequency (< 10 kHz). When f is in the MHz range, the laser intensity noise becomes near 

the quantum shot noise limit, which is always present because of the Poissonian 

distribution of the photon counts at the detector. The pixel dwell time should be 

significantly longer than the modulation period to allow for reliable demodulation for each 

pixel. Such a modulation scheme has been successfully applied to transient absorption 

microscopy to achieve single-molecule sensitivity. In our experiments, we use a 

modulation frequency of 1 MHz. The TAM instrumentation described here is capable of 

detecting a differential transmission ∆𝑇 𝑇⁄  of 10−7, three orders of magnitude higher 

sensitivity than conventional TA spectroscopy123. 
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2.2 Transient absorption spectroscopy 

The TA spectrum and dynamics are acquired by a home-built, femtosecond 

transient absorption spectroscopy setup as shown in Figure 2.2.  The output of a high 

repetition rate amplifier (PHAROS Light Conversion Ltd., FWHM = 200 fs, 400 kHz 

repetition rate, pulse energy of 100 µJ, 1030 nm fundamentals) is split into two parts. One 

part is fed to an optical parametric amplifier (OPA, TOPAS-Twins, Light Conversion Ltd) 

to generate a 400 nm pump beam. The white light continuum (450 nm – 850 nm) is obtained 

by focusing the remaining part onto a Yttrium Aluminum Garnet (YAG) crystal. An optical 

chopper (MC2000B, Thorlabs) is employed to modulate the pump beam with a frequency 

of 195 Hz.  Both pump and probe beams are focused on the sample and spatially overlapped. 

The probe light is then collected by a lens and focused on a CCD spectrometer (Exemplar 

LS, B&W Tek). For transient dynamics scans, the probe beam is delayed relative to the 

pump beam by a linear stepper motor stage (ILS100PP, Newport).  
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Figure 2.2 Schematics of transient absorption spectroscopy setup. OPA: optical 

parametric amplifier; YAG: Yttrium aluminum garnet; CCD: charge-coupled device. 

2.3 Confocal photoluminescence microscopy 

Steady-state photoluminescence (PL) and time-resolved PL measurements are 

performed by employing a home-built confocal micro-PL setup (Figure 2.3). A picosecond 

pulsed diode laser (PicoQuant, LDH-P-C-450B) with an excitation wavelength of 447 nm 

(Full width at half maxima (FWHM) = 50 ps) and a repetition rate of 40 MHz is used to 

excite the sample, which is focused by a 100× (NA = 0.95) objective. The beam size in PL 

measurements is less than 1 μm. The PL emission is collected with the same objective, 

dispersed with a monochromator (Andor Technology) and detected by a TE-cooled charge-

coupled device (Andor Technology). To construct a PL image, a two-dimensional galvo 

mirror (GVS012, Thorlabs) is used to scan the beam. A single photon avalanche diode 

(PicoQuant, PDM series) is used to collect the PL emission signal, the dynamics of PL are 

measured using the single photon avalanche diode. The temporal resolution is about 100 

ps.  
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Figure 2.3 Schematic illustration of home-built confocal PL microscopy. DM: dichroic 

mirror; BS: beam splitter; TCSPC: time-correlated single photon counting; CCD: charge-

coupled device. 

2.4 Confocal Raman microscopy 

Raman spectra are collected using a Renishaw Raman microscope (RM1000) 

equipped with an argon-ion laser at 514 nm as an excitation source. The excitation beam 

is focused using a 50× (NA = 0.75) objective, and the Raman scattered light is collected 

with the same objective. The beam size in Raman measurements is about 1 μm. 

2.5 Differential reflection microscopy 

Differential reflection spectrum is obtained by using a home-built micro-reflection 

setup (Figure 2.4). Briefly, the white light from a stabilized tungsten-halogen light source 

(Thorlabs) is focused into a pinhole with 10 µm diameter. It is then collimated and focused 

on the sample with a 50 × /NA = 0.95 objective. The beam size is about 3 µm. The reflected 

light is collected with the same objective, dispersed with a monochromator (Andor 

Technology) and detected by a TE-cooled charge-coupled device (CCD) (Andor 

Technology).  
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The differential reflectance is defined as:  

                                            𝛿𝑅(𝜆) =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
                                                      (9) 

where 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 is the reflectance intensity of sample the with substrate and 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 is the 

reflectance intensity of bare substrate. For the ultrathin film on a transparent substrate, the 

differential reflection is directly related to the absorption by the following equation10, 124: 

                                            𝛿𝑅(𝜆) =  
4

𝑛𝑠𝑢𝑏
2 −1

𝐴(𝜆)                                                           (10) 

where 𝑛𝑠𝑢𝑏 is the refractive index of substrate and 𝐴(𝜆) is the absorption coefficient. 

 

Figure 2.4 Schematic illustration of home-built differential reflection microscopy. DM: 

dichroic mirror; TCSPC: time-correlated single photon counting; CCD: charge-coupled 

device. 
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 EXCITON DYNAMICS AND ANNIHILATION IN 

TWO-DIMENSIONAL SEMICONDUCTORS 

This chapter is adapted with permission from Long Yuan and Libai Huang, Nanoscale, 2015, 7, 7402-7408. 

3.1 Abstract 

In this chapter, we investigate exciton dynamics and many-body exciton 

interactions in exfoliated WS2 monolayer, bilayer, and trilayer. We choose WS2 as a model 

system because of the relatively low defect density in WS2 as manifested by the higher 

photoluminescence (PL) quantum yield (QY) than other 2D semiconductors (∼6% in WS2, 

compared to ∼0.1% of MoS2). We measure exciton dynamics in both low and high exciton 

density regimes. At low exciton density regime, we discuss how the equilibrium between 

the bright and dark exciton populations affects exciton lifetimes. At high exciton density 

regime, we demonstrate that exciton-exciton annihilation in the monolayer is significantly 

enhanced compared with those in the bilayer and trilayer because of enhanced many-body 

interactions and different annihilation mechanisms for direct and indirect excitons. 

3.2 Background 

3.2.1 Exciton in two-dimensional transition metal dichalcogenides 

Recently, semiconducting atomically thin layers of transition metal 

dichalcogenides (TMDs) such as MoS2, MoSe2, WS2, and WSe2 have attracted much 

research interest due to their unique electronic structures and optical properties.2, 12 These 

properties led to potential applications in optoelectronics and electronics15, 125, including 

field-effect transistors20, 30, 126-128, atomically thin photovoltaic devices59-60, 129 and 

ultrasensitive photodetectors.21, 130  
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One of the unique properties of these atomically-thin 2D semiconductors is indirect 

to direct bandgap transition and the extraordinarily large exciton binding energy at the 

monolayer limit.7-8 The atomically-thin nature of the monolayer also leads to a strong 

enhancement of the Coulomb interaction between the electron and the hole. Recent 

theoretical calculations and experimental measurements showed that the exciton binding 

energy is around a few hundreds of meV for the TMD monolayers which is an order of 

magnitude larger than other previously investigated 2D excitonic structures, such as 

quantum wells.42, 45, 49, 131-133 As a result, excitons dominate the optical and electrical 

properties of these materials. 

Exciton fine structure in monolayers of TMDCs results from strong spin-orbit 

coupling, broken inversion symmetry, and quantum confinement effects. As the number of 

layers reduces to Valance band edge splits into two spin-polarized bands at inequivalent 

valleys (K/Kʹ) in the Brillouin zone due to strong spin-orbit coupling effect134, which has 

an energy difference of a few hundred meV.39, 131, 135-137 Spin-orbit coupling also leads to a 

splitting in the conduction band, albeit much smaller, from several meV to tens of meV, 

leading to close-lying spin-allowed bright and spin-forbidden dark exciton levels.138-143 

3.2.2 Bright and dark exciton dynamics 

Exciton dynamics in monolayers TMDCs have been extensively studied144-152, 

however, the interpretation of these measurements varies with exciton lifetime ranging 

from a few picoseconds to nanoseconds.150 Dark and bright exciton states are expected to 

play a key role in the dynamics of the 2D excitons140, 153, however, how such exciton fine 

structure affects dynamics is not fully addressed in current literature. Because the dark 

states could lie either above or below the bright states depending on the materials139, 153, 
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the lack the understanding the dark states are likely one of the reasons for the wide-spread 

of exciton lifetimes measured. For instance, time-resolved PL spectroscopy and TA 

spectroscopy, the two most widely used tools to study exciton dynamics, are sensitive to 

different exciton populations. Both experimental and theoretical efforts to address the 

dynamics of dark and bright excitons will be necessary for realizing electronic and 

optoelectronic applications of TMDCs. 

3.2.3 Many-body exciton interaction 

Due to the reduced dimensionality in the two-dimensional electronic system, many-

body interaction is greatly enhanced compared with the bulk phase. Upon the generation 

of a high density of electrons and holes, many-body scattering processes such as Auger 

recombination and exciton-exciton annihilation play an important role in nonradiative 

relaxation. Exciton-exciton annihilation and Auger recombination have been intensively 

investigated in quantum dots154-155, carbon nanotubes156-157, and semiconductor 

nanowires.158-160 While recent studies on MoS2, MoSe2, and WSe2 monolayers have shown 

the existence of exciton-exciton annihilation at high excitation density, how quantum 

confinement of 2D excitons impacts the many-body exciton interaction is still elusive.106, 

145, 161-165 

In this chapter, we investigate exciton dynamics and many-body exciton 

interactions in monolayered, bilayered, and trilayered exfoliated WS2. We choose WS2 as 

a model system because of the relatively low defect density as manifested by the higher 

photoluminescence (PL) quantum yield (QY) than other 2D semiconductors (∼6% in WS2, 

compared to ∼0.1% of MoS2). We discuss the intrinsic and extrinsic factors that control 

exciton dynamics in 2D TMDCs. First, we present how the equilibrium between the bright 
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and dark exciton populations affects exciton lifetimes. Second, we address how the 

environmental factors, such as defects and charged impurities, impact the dynamics of the 

excitons. Finally, we examine the exciton-exciton annihilation process at high exciton 

density regime that plays an important role in determining the non-radiative recombination 

rate in the high exciton density regime. 

3.3 Experiential methods 

3.3.1 Preparation of WS2 monolayers and few-layer samples 

We use a standard micromechanical cleavage method (commonly referred as 

“scotch-tape technique”) to exfoliate WS2 monolayer and few-layer samples from bulk 

WS2 crystals (2D semiconductors) onto Si wafer with 90 nm oxide thickness (Graphene 

Supermarket). The number of layers of WS2 flakes is identified by optical contrast and 

further confirmed by Raman and steady-state PL spectroscopy.120 

3.3.2 Determination of quantum yield of WS2 monolayers and few-layers 

We measured the QY of WS2 monolayer, bilayer, and trilayer following the method 

referring in a previous study.7 We used a calibrated reference consisting of a thin film of 

rhodamine-6G dye molecules. The films were prepared by spin coating a glass substrate 

with a concentrated methanol solution of rhodamine-6G. We firstly calibrated the absolute 

QY of our reference film using the methanol solution of rhodamine-6G, which has a 

quantum yield of 100%. With this reference, we then determined the QY of WS2 flakes. 

3.3.3 Determination of exciton density  

In our PL experiments, excitons in WS2 are generated by the absorption of the pump 

laser. The peak fluence of pump pulse (𝑃𝑓) could be calculated as: 
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                                                               𝑃𝑓 =
𝑃

𝐴
                                                                  (1) 

where 𝑃 is the pump pulse energy, 𝐴 is the pump excitation effective area. Since pump 

pulse is a Gaussian beam. To calculate the exciton density injected by the pump pluse, we 

assume that every absorbed pump photon could create one exciton. Then, the injected 

exciton density could be obtained as: 

                                                               𝑁 =
𝛼𝑃𝑓

ℏ𝜈
                                                                (2) 

where 𝛼 and ℏ𝜈 are the absorption coefficient and photon energy of the puthe mp pulse. 

3.4 Results and discussion 

3.4.1 Optical characterization of WS2 with different thickness 

 

Figure 3.1 (a) Optical image of WS2 monolayer, bilayer, and trilayer flakes on Si wafer 

with 90 nm oxide thickness; (b) Raman spectra of WS2 monolayer, bilayer, and trilayer 

flakes. The scale bar represents 5 μm. The dashed lines mark the position of the 𝐸2𝑔
1 and 

𝐴1𝑔 positions for the monolayer. 
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We first identified the number of layers in exfoliated WS2 samples by optical 

contrast and then confirmed by Raman and PL microscopy.120 Figure 3.1 (a) displays 

optical images of WS2 monolayer, bilayer, and trilayer samples. There are two 

characteristic Raman modes corresponding to the 𝐸2𝑔
1  (in-plane vibration) and 𝐴1𝑔 (out-of-

plane vibration) in WS2 as shown in Figure 3.1 (b). The frequency of these two modes is 

around 352 cm−1 and 418 cm−1, respectively. The frequency difference between  𝐸2𝑔
1  and 

𝐴1𝑔 is dependent on the thickness and is used to identify the number of layers.  Here, we 

obtain the frequency difference between 𝐸2𝑔
1  and 𝐴1𝑔  modes of 65.8 cm−1, 67.1 cm−1, and 

68.1 cm−1 which are corresponding to the monolayer, bilayer, and trilayer, respectively.120 

Figure 3.2 (a) displays the reflective spectrum of 1L-WS2 which clearly shows three 

excitonic transitions labeled as A, B, and C.10 A and B excitons are located around 615 nm 

and 515 nm that are originated from direct band transitions at the K-point as shown in 

Figure 3.2 (b). The energy difference (0.38 eV) between A and B excitonic transitions is 

originated from the large spin-orbit coupling in the valence band.10  C exciton emission is 

located around 437 nm that is attributed to the optical transitions between the density of 

states peaks in the valence and conduction bands also referred as band nesting effect.145 
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Figure 3.2 (a) Differential reflectance spectrum of 1L-WS2. (b) Schematic drawing of the 

band structure of 1L-WS2 and multilayer WS2, with arrows indicating A, B, C, and I 

excitons. 

 

The PL spectra of WS2 monolayer, bilayer, and trilayer are shown in Fig. 3.3(a). In 

the WS2 monolayer, we observed a single sharp peak locating around 615 nm which is 

attributed to direct band transition between conduction band minimum (CBM) and valence 

band maximum (VBM) at the K-point. We also performed PL measurements on different 

WS2 monolayer flakes and didn’t observe significant peak energy difference as shown in 

Figure 3.3 (b). In contrast, PL emission from WS2 bilayer and trilayer display an additional 

broad with lower emission energies that are corresponding to the indirect exciton 

recombination where VBM remains at the K-point but the CBM is between the K-and Γ-

points as shown in Figure 3.2 (b). The QY of WS2 monolayer, bilayer, and trilayer are 

determined to be ~6 × 10−2, 1 × 10−3, and 4 × 10−4, respectively. The quantum yield of WS2 

bilayer and trilayer is over two orders of magnitude lower than the WS2 monolayer which 

is consistent with the indirect to direct exciton transition at the monolayer limit.7-8, 10, 166  
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Figure 3.3 (a) PL spectra of WS2 monolayer, bilayer, and trilayer. (b) PL spectrum at 

different locations for monolayer WS2. 

 

In WS2 monolayer, due to the strong Coulomb interaction, neutral exciton could 

bound with excess electrons or holes to form a trion with binding energy around 20 meV.9, 

167-168 The trion binding energy is comparable with 𝑘𝑏𝑇 at room temperature which implies 

that trions can be dissociated by thermal energy. From the emission spectrum of WS2 

monolayer as shown in Figure 3.3 (a), we didn’t observe a significant trion contribution 

indicating PL emission is dominated by the neutral exciton recombination. 
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3.4.2 Exciton dynamics of WS2 without the effect of exciton-exciton annihilation 

 

Figure 3.4 PL decay without exciton-exciton annihilation for WS2 monolayer, bilayer, 

and trilayer at a pump intensity of 5 nJ cm−2, 0.1 μJ cm−2, and 0.4 μJ cm−2, respectively. 

The photoluminescence lifetime measurements integrate the entire PL spectra from 500 

nm to 850 nm. The black line is the instrument response function (IRF). The red lines are 

the fitting curves using a single exponential decay convoluted with a Gaussian response 

function. 

 

To obtain the exciton dynamics without the effect of exciton-exciton annihilation, 

we first measured the PL dynamics at low exciton density by using a home-built confocal 

PL microscope with a time-resolved single-photon counting photodiode. The PL decay of 

monolayer, bilayer, and trilayer are shown in Figure 3.4. We employ a single exponential 

decay convoluted with a Gaussian instrument response function (IRF) to fit the PL 

dynamics. The equation is described as: 

                                     𝐼(𝑡) = ∫ IRF(𝑡′)𝑒−
𝑡−𝑡′

𝜏 𝑑𝑡
𝑡

−∞
                                                    (3) 
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We obtained PL lifetimes of 856 ± 3 ps, 435 ± 1 ps, and 305 ± 2 ps for WS2 monolayer, 

bilayer, and trilayer respectively. We also measured PL dynamics at different locations as 

shown in Figure 3.5. It displays a minor difference from position to position due to the 

variance in the local environments. The average PL lifetimes for monolayer, bilayer, and 

trilayer are measured to be 806 ±37 ps, 401 ± 25 ps, and 332 ± 19 ps.  

 

Figure 3.5 PL dynamics for WS2 monolayer at different locations at the pump intensity of 

5 nJ/cm2. 

 

The single exponential of hundreds of ps PL decay is in direct contrast with the 

complex multi-exponential decay observed for MoS2.144, 163, 169 Single exponential decay 

behavior implies that PL originates from a single state, indicative that other energy levels 

such as trap states induced by defects are not as significant in WS2 in comparison with 
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MoS2. Lower defect density is consistent with much higher PL quantum yield (∼6%) of 

monolayered WS2 than that of monolayered MoS2 (∼10−3). 

We could relate the observed PL lifetime, 𝜏𝑜𝑏 to the radiative and non-radiative 

lifetimes, 𝜏𝑟 and 𝜏𝑛𝑟, respectively, by the follow equation: 

                                                          
1

𝜏𝑜𝑏
=

1

𝜏𝑟 
+

1

𝜏𝑛𝑟
                                                            (4)                             

𝜏𝑟 is related to 𝜏𝑜𝑏 by the quantum yield (𝜙𝑃𝐿): 

                                                         𝜙𝑃𝐿 =
𝜏𝑜𝑏

𝜏𝑟 
                                                                  (5)         

For WS2 monolayer, using the QY of ~6 × 10−2 and a 𝜏𝑜𝑏 of ~806 ps, we could determine 

the radiative and non-radiative lifetimes to be ∼13 ns and ∼900 ps respectively. For WS2 

bilayer, the radiative and non-radiative lifetimes are determined to be ∼400 ns and ∼400 

ps using the QY of ~6 × 10−2 and a 𝜏𝑜𝑏 of ~401 ps. For WS2 trilayer, the radiative and non-

radiative lifetimes are determined to be ∼830 ns and ∼300 ps using the QY of ~4 × 10−4 

and a 𝜏𝑜𝑏 of ~332 ps. We observe much longer radiative lifetimes in bilayer and trilayer 

than monolayer due to the nature of indirect band transition.  The low quantum yield of 

bilayer and trilayer indicates that non-radiative recombination dominates the exciton 

relaxation pathway. Interestingly, although the non-radiative lifetimes for both bilayer and 

trilayer are the same order as the monolayer, it decreases with the number of layers. One 

possible explanation is that nonradiative pathways are similar in nature for the monolayer, 

bilayer and trilayer related to electron–phonon scattering. The thickness dependence of the 

nonradiative lifetime is likely to be related to changes in dielectric environments. 
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3.4.3 Bright and dark exciton fine structure and dynamics 

Recent evidences for the existence of the spin-forbidden dark excitons139-140 suggest 

that they will be critical in understanding exciton dynamics. For instance, the relaxation to 

the dark exciton levels has found to be important for systems such as single-walled carbon 

nanotubes.170-172 In the following, we summarize current literatures on bright and dark 

exciton dynamics and discuss how the population equilibrium between the bright and dark 

states could affect exciton lifetime. 

 

Figure 3.6 (a) Summary of literature reported bright-dark exciton energy splitting for 

TMDC monolayers, including both experimental and theoretical values. (b) Schematic 

illustration of the spin allowed bright exciton (AB) and spin forbidden dark exciton (AD) 

in W-based TMDCs at the Kand K′ valley. ∆c is the bright-dark exciton energy splitting. 

(b) A kinetic model for the dynamics of the bright and dark excitons. (c) Comparison of 

the temperature dependence of the time-integrated PL intensity of WSe2 and MoS2. (e) 

Temperature-dependent PL lifetime from a suspended monolayer of WSe2. 

 

The conduction bands near the K and K′ points are mainly from the 𝑑𝑧2 orbitals of 

metal atoms and no splitting is expected when considering only the 𝑑𝑧2  orbitals.136 
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However, the chalcogen orbitals and higher order couplings to other orbitals of metal atoms 

also play a role, leading to a spin splitting of 10s meV in the conduction bands.  Because 

the competition between these two effects, the sign of this conduction band splitting differs 

among the different TMDCs.139-140 For WX2 (X = S, Se, Te), the lowest energy exciton is 

a dark state. For MoSe2 and MoTe2, on the other hand, electrons in the conduction band 

minimum (CBM) are expected to have the same sign polarization with holes in the valence 

band maximum (VBM), leading to a bright state as the lowest exciton energy level.142, 173 

The case for MoS2 is currently under debate: some concluded the bright exciton being the 

lowest level with a small splitting of a few meV,139 while other inferred a dark exciton with 

energy as much as ~ 100 meV below the bright exciton.141 The conduction band splitting 

∆c for different TMDC materials is summarized in Figure 3.6 (a).136, 138, 140-141  Because of 

the splitting in the conduction band, there are two intravalley bright (singlet-like) excitons 

(𝐴𝐵) and two intravalley spin-forbidden (triplet-like) “dark” excitons (𝐴𝐷) as schematically 

depicted in Figure 3.6 (b), one of each at the K and K′ valleys. There are also additional 4 

intervalley dark excitons.140 

Zhang et al. first verified experimentally the existence of the dark exciton states in 

WSe2 using temperature-dependent steady-state and time-resolved PL measurements.140 

The population of 𝐴𝐵 and 𝐴𝐷 (𝑁𝐴𝐵and 𝑁𝐴𝐷) obey the Boltzmann distribution as given by 

𝑁𝐴𝐵

𝑁𝐴𝐷

= 𝑒
−

∆𝑐
𝑘𝑏𝑇. PL intensity for WSe2 decreases as temperature decreases, indicative of the 

lowest exciton level being a dark state (Figure 3.6 (c)).  On the contrary, PL intensity for 

MoS2 increases as temperature decreases, implying the lowest exciton level being a bright 

state. The splitting in the conduction band ∆c is ~ 30 meV for 1L-WSe2 determined 

experimentally by Zhang et al.140 More recently, Molas et al. demonstrated that the dark 
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excitons indeed could be brightened by an in-plane magnetic field, futher validating the 

existence of spin-forbidden dark excitons.141 

Bright excitons can relax to the dark state either by spin-conserving intervalley 

electron scattering between the K and K′ valleys or by the spin-flip of the electron within 

the same valley.140 Intervalley scattering on time scale of ps has been indicated by time-

resolved spectroscopy measurements, suggesting the relaxation to the dark state via this 

pathway could be very rapid.174 While spin-flip should be slow in a perfect monolayer, 

literature on carbon nanotube suggested that coupling to the environment, structural 

distortions, and defects could enhance this process.170  

Taking into account the scattering of populations between the two states 

(schematically shown in Figure 3.6 (d)), the dynamics of the bright and dark exciton states 

can be described by the following two coupled rate equations: 

                                           
𝑑𝑁𝐴𝐵
𝑑𝑡

= −𝑘𝐵𝑁𝐴𝐵 − 𝑘1𝑁𝐴𝐵 + 𝑘−1𝑁𝐴𝐷                                     (6) 

                                           
𝑑𝑁𝐴𝐷
𝑑𝑡

= −𝑘𝐷𝑁𝐴𝐷 − 𝑘−1𝑁𝐴𝐷 + 𝑘1𝑁𝐴𝐵                                      (7) 

where 𝑘𝐵 (𝐷) is the relaxation rate of the bright (dark) state to the ground state, and 𝑘1(−1) 

is the rate for converting from the bright (dark) to the dark (bright) state. 𝑘1 and 𝑘−1are 

related by population equilibrium as given by 
𝑘−1

𝑘1
=

𝑁𝐴𝐵

𝑁𝐴𝐷

= 𝑒
−

∆𝑐
𝑘𝑏𝑇. When 𝑘1, 𝑘−1 >> 𝑘𝐵 >> 

𝑘𝐷, the solution can be simplified to:  

                                                𝑁𝐴𝐵  ~ 𝑒
−(𝑘1+𝑘−1)𝑡 +

𝑘−1

𝑘1
𝑒
−(𝑘𝐷+

𝑘−1𝑘𝐵
𝑘1

)𝑡
                              (8) 

                                                 𝑁𝐴𝐷  ~ − 𝑒−(𝑘1+𝑘−1)𝑡 + 𝑒
−(𝑘𝐷+

𝑘−1𝑘𝐵
𝑘1

)𝑡
                               (9) 
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Therefore, the population dynamics of the bright state should consist of two exponential 

decays, while there are an exponential rise and an exponential decay for the dynamics of 

the dark state. Recently, a similar rate equation model has been applied to explain the 

variation in the observed degree of circular polarization of the PL emission in different 

TMDCs monolayers, suggesting sub-picosecond relaxation from the bright to the dark 

state.142  

The fast relaxation from the bright to the dark exciton level in WSe2 can also be 

inferred by the temperature-dependent PL lifetime measurements by Zhang et al., which 

showed the fast decay component (< 10 ps) increased as temperature decreased (Figure 3.6 

(e)) while the slow decay component (60 ps – 1 ns) decreased.140 They attributed the fast 

decay to hot PL emission from the bight A excitons.140 This observation is consistent with 

equation (8) because 
𝑘−1

𝑘1
 approaches 0 at very low temperature (e.g. 

𝑘−1

𝑘1
 ≈ 10−16 at T =

10 K ) and the bright exciton dynamics can be approximated by 𝑒−𝑘1𝑡 , suggesting 

picosecond relaxation to the dark state.   

These recent measurements suggest that the relaxation of the bright excitons to the 

dark state could be very rapid, probably on the picosecond or faster time scale.140, 142 

Because of the much longer lifetime, the dark exciton level could serve as a reservoir for 

exciton population for W-based TMDCs at room temperature.142 The population dynamics 

between the bright and dark states should be taken into account to correctly evaluate 

exciton radiative and non-radiative rates, similar to what has been done for single-walled 

carbon nanotubes.  
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3.4.4 Defect-assisted recombination in exciton dynamics  

Besides the intrinsic relaxation to the dark exciton state discussed in the last section, 

extrinsic environmental factors such as defects also contribute significantly to the 

nonradiative pathways.175 As indicated by the relatively low QY in monolayer TMDCs, 

nonradiative rather than radiative relaxation pathways dominate the dynamics.  There are 

recent successes in improving the PL quantum yields by various surface passivation 

techniques176-179, however, the detailed mechanisms are still under debate, further pointing 

to the importance of the role of defects in exciton dynamics.  

 

 

Figure 3.7 (a) TA dynamics of a suspended exfoliated 1L-MoS2 flake. Redline is a fit 

using a triexponential function convoluted with an experimental response function. Pump 

fluence is 0.6 µJcm-2.  (b) TA dynamics of exfoliated 1L-WS2  on SiO2 substrate and 

CVD 1L-WS2 on sapphire. Red lines are fits using a biexponential function convoluted 

with an experimental response function. Pump fluence is 1 µJcm-2. 

 

We have measured the transient absorption decay of A exciton in a suspended MoS2 

monolayer169, which displays multi-exponential behavior implying more than one 

relaxation process is involved (Figure 3.7 (a)). Since the initial fast decay (2 – 4 ps) do not 

exhibit strong power dependence under pump fluences <1.3 µJcm-2 (pump wavelength = 

400 nm) it is reasonable to rule out the effect of exciton-exciton annihilation in the results 
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presented here.169 We attribute the fast ps decay to defect-assisted recombination.169 For 

monolayer TMDCs, essentially all atoms are on the surface or at the interfaces, hence the 

number of surfaces and interfacial defects per atom is greatly enhanced compared to the 

thick crystal, thus increasing the probability of the defect scattering processes. More 

recently, the role of defect-assisted non-radiative recombination in MoS2 is further 

investigated by Wang et al.147 They have concluded that there are two stages of defect-

assisted recombination; a fast pathway within 1−2 ps and slow recombination on a 60−70 

ps time scale.147 

Defect-related relaxation pathways also lead to variations of exciton dynamics for 

samples fabricated by different methods.  Figure 3.7 (b) shows the TA dynamics measured 

in a mechanical exfoliated and chemical vapor deposition (CVD) grown 1L-WS2 flakes. 

Initial exciton decay (< 5 ps) is similar for the exfoliated and the CVD grown 1L-WS2, 

indicating relaxation to the dark exciton level might dominate at this timescale.  At 

timescale > 5 ps, faster exciton decay for the CVD grown is observed with an additional 

decay constant of ~ 10 ps, indicating that defect-related recombination pathways are more 

prevalent for the CVD grown samples. This is consistent with that defect density in CVD 

WS2 (~3 × 1013 cm-2)180 is four orders of magnitude higher than exfoliated WS2 (~2 × 109 

cm-2)181.   
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3.4.5 Exciton dynamics of WS2 with the effect of exciton-exciton annihilation 

 

Figure 3.8 Integrated PL intensity for WS2 monolayer as a function of pump intensity. 

The red line is a guide. 

 

We first look at the PL emission intensity of 1L-WS2 at high excitation density. It 

is obvious to see that the integrated PL intensity of 1L-WS2 deviates from linear behavior 

at high pump intensities, as shown in Figure 3.8. We also study the exciton dynamics in 

the non-linear regime with high exciton density. As shown in Figure 3.9, in WS2 monolayer, 

the PL dynamics is strongly dependent on exciton density. As the pump intensity increases, 

a faster decay component appears. In contrast, for WS2 bilayer and trilayer, such an 

excitation density dependence is observed but not as significant as the monolayer. The fast 

dynamics along with the saturation of PL intensity at high exciton densities can be 

explained by Auger recombination or exciton-exciton annihilation. Typically, exciton-

exciton annihilation is a scattering mechanism in which two excitons interact with each 

other, with one of them undergoing nonradiative recombination and transferring its energy 
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to another exciton that is then excited to a high-energy continuum state. Subsequently, the 

excited exciton undergoes thermal relaxation without emitting light. Another possible 

mechanism is the formation of biexciton that could occur could occur at high exciton 

density and lead to fast dynamics. However, biexciton emission energy is typically lower 

than the exciton emission. As shown in Figure 3.10 (a), for the range of exciton density we 

used in the experiments, the spectral shape did not change as a function of exciton density. 

We only observed an obvious biexciton emission peak (~650 nm) at about 10 times higher 

intensity than the highest pump intensity used in the dynamics measurements shown in 

Figure 3.10 (b).  
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Figure 3.9  PL decay at different excitation densities for (a) monolayer, (c) bilayer, and 

(e) trilayer; linearized data using Equation (5) for the PL decay of (b) monolayer, (d) 

bilayer, and (f) trilayer. The red lines are linear fits to the data. n(0) is the initial exciton 

density as described in the text. 
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Figure 3.10 (a) Evolution of PL spectra in WS2 monolayer with the pumping intensity. 

(b) PL spectrum of WS2 monolayer at pump intensity great than 8.0*1011 cm-2. The black 

dot is experimental data. The red solid line is a fit using a sum of two Lorentz functions 

as shown in blue and green solid lines. 

 

Due to the strongly enhanced Coulomb interaction in single layer WS2 with a large 

exciton binding energy of ~0.4 eV ≫ 𝑘𝐵𝑇  at room temperature, exciton–exciton 

annihilation is bimolecular process involves two excitons.156, 158 Note that biexciton 

formation could also lead to bi-molecular dynamics; however, as discussed above, 

biexciton formation is negligible for the exciton density used here. The rate equation of PL 

decay could be described by including both exciton–exciton annihilation term and exciton 

decay term182: 

                                                    
𝑑𝑛

𝑑𝑡
= −

𝑛

𝜏
− 𝛾𝑛2                                               (10)                          

where 𝑛 is the exciton population, 𝜏 is the exciton lifetime without annihilation, and 𝛾 is 

the annihilation rate constant. Assuming that the γ is time-independent, the solution to the 

above equation is: 

                                                            𝑛(𝑡) =
𝑛(0) exp(−

𝑡

𝜏
)

1+𝛾𝜏𝑛(0)[1−exp(−
𝑡

𝜏
)]

                                   (11) 

where 𝑛(0) is the initial exciton density. The above equation can be rewritten as a 

linearized form: 
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1

𝑛(𝑡)
= (

1

𝑛(0)
+ 𝛾𝜏) exp (

𝑡

𝜏
) − 𝛾𝜏                               (12) 

The initial exciton density n(0) is estimated using an absorption cross-section of 5 

× 105 cm−1 per layer of WS2
183 and assuming that every pump photon absorbed creates one 

exciton. 

For the WS2 monolayer, bilayer, and trilayer, exciton density-dependent PL 

dynamics are shown in Figure 3.9 (a), (c), and (e) which are replotted in the linear form as 

shown in 3.9 (b), (d), and (f), respectively. 𝜏 is given by the PL lifetime when free of 

exciton–exciton annihilation.  We applied a global fit to the whole data set to equation (11) 

to determine the exciton–exciton annihilation rate 𝛾 . We obtain an exciton–exciton 

annihilation rate 𝛾 of 0.41 ± 0.02, (6.0 ± 1.1) × 10−3, and  (1.88 ± 0.47) × 10−3 cm2s-

1 for the monolayer, bilayer, and trilayer, respectively. 

3.4.6 Origin of thickness-dependent exciton-exciton annihilation 

Surprisingly, the exciton-exciton annihilation rate is more than two orders 

magnitude larger in the monolayer than in the bilayer and trilayer. For the monolayer, 

exciton-exciton annihilation occurs at an exciton density as low as 109 excitons cm−2 or 1 

exciton per 105 nm2, corresponding to an average inter-exciton distance of > 600 nm. The 

spatial extent of excitons for the monolayer has been estimated to be ∼3 nm.42 This large 

inter-exciton distance implies that exciton diffusion must precede exciton-exciton 

annihilation.164 We could describe the kinetic process of exciton-exciton annihilation using 

two rate-determining steps as shown in Figure 3.11: (1) the diffusion of two excitons 

toward each other; (2) the annihilation of the two excitons when they are sufficiently close 

to each other. 
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Figure 3.11 Schematic summary of the kinetic process of exciton-exciton annihilation. 

 

                                               𝐸 + 𝐸  (𝐸𝐸)
𝑘𝑎
→ 

𝑘2
← 

𝑘1
→ 𝐸𝐸 (ℎ𝑖𝑔ℎ𝑒𝑟 𝑒𝑛𝑒𝑟𝑔𝑦)                           (13) 

where 𝐸  is an isolated exciton, (𝐸𝐸)  denotes an exciton pair sufficiently close that 

annihilation can take place, and ka is the annihilation rate proceeding from (𝐸𝐸). 𝑘1 is 

defined as the rate of change of the number of close pairs per unit area and 𝑘2 is the rate 

for the reverse process. The overall exciton-exciton annihilation rate becomes 
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                                                                 𝛾 =
𝑘1𝑘𝑎

𝑘2+𝑘𝑎
                                                         (14)  

The exciton diffusion rate is much higher in the bulk than the monolayer as demonstrated 

by recent transient absorption microscopy measurements of WS2 monolayer and bulk with 

a diffusion constant 𝐷 measured to be around 2.0 and 10.4 cm2s-1 for the monolayer and 

bulk, respectively.106 So, exciton diffusion is much faster than the exciton–exciton 

annihilation rate, which implies that 𝑘1, 𝑘2 ≫ 𝑘𝑎, and the annihilation rate 𝑘𝑎 is the rate-

limited step. For the bilayer and trilayer, as the thickness increases, exciton binding energy 

decreases, which also results in more delocalized excitons. The more delocalized nature of 

the indirect exciton could lead to even faster exciton diffusion. Therefore, much reduced 

exciton–exciton annihilation rate constants measured in the bilayer and trilayer are most 

likely due to smaller values 𝑘𝑎 rather than 𝑘1 and 𝑘2. 

 

Figure 3.12 Schematic summary of relaxation pathways for WS2 monolayer and few-

layer. (1) Direct exciton recombination; (2) direct exciton-exciton annihilation; (3) 

indirect exciton recombination; and (4) indirect exciton-exciton annihilation; (5) other 

nonradiative pathways. 
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We explain the thickness dependence of  𝑘𝑎 as follows. First, at the monolayer limit, 

stronger Coulomb interactions between the electrons and holes lead to stronger many-body 

interactions. Secondly, exciton–exciton annihilation requires conservation of both energy 

and momentum.184 For WS2 bilayer and trilayer, which are indirect semiconductors, 

momentum conservation requires assistance from phonons.184-185 In contrast, for the direct 

bandgap monolayer, the involvement of phonons is not necessary. This is schematically 

illustrated in Figure 3.12. 

The additional requirement for phonon assistance makes exciton-exciton 

annihilation a much less probable event leading to 𝛾 at least two orders of magnitude 

smaller in the bilayer and trilayer than in the monolayer which indicates that only a fraction 

of exciton encounters results in annihilation in WS2 bilayer and trilayer. The exciton–

exciton annihilation is further reduced in the trilayer compared with the bilayer. Assuming 

that the PL in the bilayer and trilayer involves similar phonon-assisted processes as shown 

in Figure 3.10, the relative rate of  𝑘𝑎 should be similar to that of the radiative rate. The 

radiative lifetimes for the bilayer and trilayer are ∼400 ns and ∼830 ns, respectively. The 

relative radiative rate of bilayer and trilayer is ∼2: 1. The annihilation rates of bilayer and 

trilayer are (6.0 ± 1.1) × 10−3 and (1.88 ± 0.47) × 10−3, leading to a ratio of exciton–exciton 

annihilation of ∼3: 1, which is similar to that of radiative rate. 

The efficient exciton-exciton annihilation in WS2 monolayer implies that the 

inverse process, impact ionization (multiple exciton generation)186, could also be efficient. 

We could follow the method previously reported to obtain the Auger recombination time 

in quantum dots.154 Briefly, we first normalize the decay curves at the low exciton density 

(without annihilation) and high exciton density (e.g., 1.6 × 109 cm-2) at a fixed delay time 
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(e.g., 2 ns) as shown in Figure 3.13(a). Then, we subtract the decay curve at the low exciton 

density from the high exciton density. Finally, we fit the subtracted curve with a single 

exponential decay and extract the exciton-exciton annihilation time to be ∼400 ps in the 

monolayer at an initial exciton density of 1.6 × 109 excitons cm-2 as shown in Figure 3.13 

(b). Such a slow exciton-exciton annihilation on the hundreds of ps time scale makes it 

quite possible to extract the additional exciton generated. 

For monolayered WS2, the extraordinarily large exciton binding energy and 

significant correlation between electrons and holes compared to bulk semiconductors can 

explain the enhanced many-body interaction. Here, we measured the exciton-exciton 

annihilation rate of 0.41 ± 0.02 cm2 s−1 for the monolayer, comparable to that of 0.33 ± 

0.06 cm2 s−1 measured for monolayered MoSe2
187 and that of and that of ∼0.35 cm2 s−1 for 

monolayered WSe2
164. These values are about two orders of magnitude larger than that in 

2D semiconducting quantum wells (10−3 cm2 s−1)188 consistent with the increased 

correlation between electrons and holes in 2D TMDs. Previous theoretical calculations 

predicted that the Auger recombination rate could be enhanced by a factor of 50 for 2D 

systems when compared with the bulk.189 
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Figure 3.13 (a) Normalize the decay curves at the low pump intensity (without 

annihilation) and high exciton density (1.6 × 109 cm-2) at the long delay time of 2 ns. (b) 

The subtracted decay curve (green) at the low pump intensity from the high pump 

intensity which is fitted with a single exponential decay (red). 

3.5 Conclusion 

We have investigated exciton dynamics in WS2 monolayer, bilayer, and trilayer 

using time-resolved PL under conditions with and without exciton-exciton annihilation. 

Exciton decays of the monolayer, bilayer, and trilayer all exhibit mono-exponential decay 

behavior. The PL lifetime is measured to be 806 ± 37 ps, 401 ± 25 ps, and 332 ± 19 ps for 

WS2 monolayer, bilayer, and trilayer, respectively, when free of exciton annihilation. The 

radiative lifetime of excitons was determined to be ∼13 ns, ∼400 ns, and ∼830 ns for the 

monolayer, bilayer, and trilayer, respectively. Furthermore, two orders of magnitude 

enhancement of the exciton-exciton annihilation rate have been observed in the monolayer 

compared to the bilayer and trilayer. We attribute the strongly enhanced annihilation in 

monolayered WS2 to enhanced electron-hole interactions and to the transition to the direct 

semiconductor, which eliminates the need for phonon assistance in exciton-exciton 

annihilation. 

 

 



68 

 

 EXCITON TRANSPORT IN TWO-DIMENSIONAL 

SEMICONDUCTORS 

This chapter is adapted with permission from Long Yuan, Ti Wang, Tong Zhu, Mingwei Zhou, and Libai 

Huang, Journal of Physical Chemistry Letters, 2017, 8, 3371–3379. 

4.1 Abstract 

In this chapter, we present a systematic study of 2D exciton transport in WS2 from the 

single layer to the bulk limit, employing spatially and temporally resolved transient 

absorption microscopy. Exciton diffusion is imaged directly in space and time with ~ 200 

fs temporal resolution and ~ 50 nm spatial resolution.  Our results demonstrate that the 

exciton diffusion coefficient of exfoliated single layer WS2 is 2.8 ±0.2 cm2s-1. Exciton 

mobility for CVD grown single layer is more than an order of magnitude lower than the 

exfoliated sample, demonstrating that exciton diffusion at the single layer can be greatly 

influenced by extrinsic factors, such as impurities and surface optical phonon of the 

substrate. However, intrinsic phonon-limited exciton transport can be achieved in WS2 

layers thicker than 20 layers.  Exciton diffusion coefficient as high as 10.4 ±0.4 cm2s-1 is 

measured for 100-layer thick WS2, which agrees well with theoretical prediction.  

4.2 Background 

4.2.1 Strong Coulomb interaction in 2D TMDCs 

Transition metal dichalcogenides (TMDCs), such as MoS2, MoSe2, WS2, and WSe2, 

are layered structures where adjacent layers are held by van der Waals force.  Because the 

interlayer coupling is relatively week, the electrons and holes are confined in the layer 

plane in TMDCs. One consequence of the Coulomb interaction between electrons and 

holes in TMDCs is the formation of 2D excitons with hydrogen-like bound states.42, 48 
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Exciton binding energy is substantial in the bulk TMCDs, ~ 60 meV for WS2.190 As 

thickness decreases, exciton binding energy increases further due to the reduced dielectric 

screening of the Coulomb interactions.  For instance, exciton binding energy increases to 

~ 400 meV in single layer WS2, more than an order of magnitude larger than other 

previously investigated 2D excitonic structures such as semiconducting quantum wells.42, 

45, 190 In addition to extraordinary large exciton binding energy, some TMDCs, such as 

MoS2 and WS2, undergo an indirect- to direct-gap transition at the single layer limit.7, 10  

The strongly bound excitons at room temperature as well as unique excitonic properties 

make the TMDCs an ideal platform to study exciton behaviors in 2D systems. 

4.2.2 2D exciton transport 

Long-range transport of the direct and indirect 2D excitons is desirable for electronic 

and optoelectronic applications of TMDCs such as atomically thin photovoltaics.32, 60, 63, 

125 Macroscopic motion of 2D excitons have been previously imaged in semiconducting 

quantum wells by photoluminescence (PL) microscopy, for instance in GaAs/AlGaAs 

coupled quantum wells.191-193 However, the electron-hole interaction is rather weak in these 

quantum wells, with exciton binding energy only on the order of a few meV leading to very 

delocalized excitons and long-range transport on the order of 100s of µm.  Much larger 

binding energy in TMDCs leads to more localized excitons with the size of < 2 nm and the 

range of exciton motion is expected to be shorter than previously investigated quantum 

wells.   

There still currently lacks a comprehensive understanding of the intrinsic limit for 

exciton transport in the TMDCs materials.  To address this challenge, quantitative 

information on exciton transport length scale length and dynamics are highly desirable.  



70 

 

Recently, temperature-dependent neutral exciton and trion diffusion in WS2 on the µm 

range have been imaged by PL microscopy194; however, no dynamics information was 

provided directly. Transient absorption imaging techniques have been applied to image 

exciton transport dynamics in WSe2 and MoSe2 for both single layers and bulk107, 109, 

however, these previous reports showed somewhat inconsistent results: exciton diffusion 

coefficient is higher for single layer than for bulk WSe2 but the opposite for MoSe2. 

In this chapter, we present a study of transport of spin-allowed bright and spin-

forbidden dark A excitons in WS2 employing spatially and temporally resolved transient 

absorption microscopy. The long-lived dark exciton is also quite mobile, with an exciton 

diffusion constant of 2.8 ±0.2 cm2s-1for the exfoliated single layer.  Exciton mobility for 

CVD grown single layer is more than an order of magnitude lower than the exfoliated 

sample, demonstrating that exciton diffusion at the single layer can be greatly influenced 

by extrinsic factors, such as impurities and surface optical phonon of the substrate.  We 

evaluate intrinsic phonon-limited exciton transport in WS2 layers thicker than 20 layers 

with exciton diffusion constant as high as 10.4 ±0.4 cm2s-1 is measured for 100 layers thick 

WS2,  

4.3 Experiential Methods 

4.3.1 Preparation of WS2 with different thickness 

Single layer and multi-layers WS2 with different thickness were mechanically exfoliated 

from commercial bulk WS2 crystals (2D Semiconductor) onto fused silica substrate using 

a standard micromechanical cleavage method. We combined PL spectroscopy and atomic 

force microscopy (AFM) to identify the thickness of WS2 layers.195 
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4.3.2 Determination of pump fluence and exciton density  

In our TAM experiments, excitons in WS2 are generated by the absorption of the pump 

laser. The peak fluence of pump pulse (𝑃𝑓) could be calculated as: 

                                                                    𝑃𝑓 =
𝑃

𝐴
                                                              (1) 

where 𝑃 is the pump pulse energy, 𝐴 is the pump excitation effective area. Since pump 

pulse is a Gaussian beam. To calculate the exciton density injected by the pump pluse, we 

assume that every absorbed pump photon could create one exciton. This assumption is 

widely used in previous optical measurements and gives reasonable explanations to 

experimental results. Then, the injected exciton density could be obtained as: 

                                                                     𝑁 =
𝛼𝑃𝑓

ℏ𝜈
                                                          (2) 

where 𝛼 and ℏ𝜈 are the absorption coefficient and photon energy of the pump pulse. 
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4.4 Results and discussion 

4.4.1 Optical Characterization of WS2 with different thickness on a quartz substrate 

 

Figure 4.1 Experimental design and optical characterizations. (a) optical image of an 

exfoliated 1L-WS2 on a fused silica substrate (scale bar represents 5 µm). (b) Differential 

reflection (black line) and PL spectra (red line) of 1L-WS2. (c) Schematic description of 

exciton diffusion measurements. (d) Schematic drawing of band structure and excitonic 

transitions in 1L-WS2 along with pump and probe energies for transient absorption 

measurements. 

 

To systematically investigate exciton transport, WS2 layers with the thickness 

ranging from 1 layer (1L) to 100 layers (100L) are exfoliated from bulk crystal onto a fused 

silica substrate. The thickness of the WS2 layers is determined by the combination of 

Raman, PL, and atomic force microscopy.  Figure 4.1(a) illustrates an optical image of a 

typical exfoliated 1L-WS2 flake on a quartz substrate. Figure 4.1(b) shows the reflective 

spectrum exhibits three excitonic transitions (labeled as A, B, and C).  Both A (613 nm) 

and B (516 nm) excitons originate from direct band transition at K point between the 
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valence band and the conduction band.10 The energy difference (380 meV) between A and 

B transition is due to the spin-orbit splitting of the valence band. The highest absorption 

peak (C, 437 nm) has been ascribed to band nesting effect.145 The excitonic structure is 

schematically illustrated in Figure 4.1(c).1L-WS2 (Figure 4.1(b)) shows a single PL emission 

peak at 615 nm resulting from the direct interband recombination of A exciton.10 As thickness 

increases to more than 2L, the conduction band maximum moves to Λ point while the valence 

band maximum remaining at the K point, leading to the formation of indirect excitons (I).10 

Raman spectrum of the 1L is shown in Figure 4.2 and PL spectra of the 2L and 3L are shown 

in Figure 4.3. For WS2 flakes with the number of layers greater than 3, we employ AFM to 

identify the thickness of WS2 samples.  

 

Figure 4.2 Raman spectra of 1L-WS2 on a quartz substrate. The peak energy difference 

between 2LA and A1g is 65 cm-1 which indicates the number of layers to be the single 

layer.120 
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Figure 4.3 PL spectra of (a) 2L-WS2 and (b) 3L-WS2 on a quartz substrate are taken 

under excitation of 447 nm. We observed both A and I exciton emission. The emission 

energy of I exciton could be used to identify the number of the layer which is 712 nm 

(1.74 eV) and 788 nm (1.57 eV) for 2L- and 3L-WS2 respectively. 

 

4.4.2 Direct imaging of exciton transport using TAM 

In order to investigate exciton diffusion directly, we employed pump-probe 

transient absorption microscopy (TAM) to directly image exciton population in both the 

spatial and temporal domains. The pump wavelength is at 395 nm exciting C excitons with 

a fluence of 1.1 µJ/cm2 while the probe near the A exciton resonance to monitor exciton 

dynamics as schematically shown in Figure 4.1(d).  Using the absorption coefficient 

deduced from differential reflection spectra10, 163, we calculate the corresponding injected 

exciton density to be 3.2 × 1011 cm-2 for the 1L-WS2.  Exciton dynamics with different 

pump fluence are measured for both 1L- and 32L-WS2 and no significant exciton-exciton 

annihilation effects are observed in the transient absorption measurements (Figure 4.4) at 

this pump fluence. The magnitude of ∆T is proportional to pump intensity as shown in 

Figure 4.5.   
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Figure 4.4 Transient dynamics of (a) 1L-WS2 and (b) 32L-WS2 with different pump 

fluence. 

 

 

Figure 4.5 Transient absorption signal (ΔT) at 0 ps is plotted as a function of exciton 

density for (a) 1L-WS2 and (b) 32L-WS2. Red lines are linear fits. 

 

The transient absorption spectra show the bleach of A exciton peak at 616 nm 

(Figure 4.6) for 1L-WS2 due to the combination of Pauli blocking and bandgap 

renormalization effects.146, 148 For the multilayers, while photoexcitation creates indirect 

excitons, the A exciton transition is also modified by Pauli blocking of the holes. Therefore, 

bleaching at the A exciton resonance is also observed in multilayers (Figure 4.6).  The A 

exciton bleach band redshifts as the thickness increases, which can be explained by 

quantum confinement effects. 
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Figure 4.6 Normalized transient absorption spectra (395-nm pump) with different 

thickness. 

 

 

Figure 4.7 TAM imaging of exciton propagation in 48L-WS2 (pump at 395 nm and probe 

at 626 nm) with an injected exciton density of 8.6 × 1012 cm-2 at different pump-probe 

time delays. The color scale is normalized at the maximum ∆T.  The normalization 

factors are indicated on the images. The scale bar represents 1µm. 
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To image exciton transport, the pump beam is held at a fixed position while the 

probe beam is scanned relatively to the pump with a pair of galvanometer scanners to form 

an image.  The pump-induced change in probe transmission ∆𝑇 = 𝑇𝑝𝑢𝑚𝑝−𝑜𝑛 − 𝑇𝑝𝑢𝑚𝑝−𝑜𝑓𝑓 

is collected. The amplitude of the transient absorption signal is proportional to exciton 

populatithe. At zero delay time the TAM images reflect the initial population created by 

the pump beam, and at later delay time, the TAM images directly visualize how excitons 

transport out of the initial volume.  As an example, the exciton population imaged at 

different pump-probe delay time for a 48L-WS2 is illustrated in Figure 4.7. Clear exciton 

motion can be observed in the time window of 250 ps. Because no apparent anisotropy in 

2D exciton propagation is observed as shown in Figure 4.7 (i.e. exciton diffusion along x 

and y directions is independent and with identical rates), exciton diffusion can be further 

reduced to a one-dimensional problem. The exciton distribution along one dimension at 

different delay times is obtained by taking the cross sections of the images (Figure 4.8).  
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Figure 4.8 Spatial profiles of exciton distribution in 48L-WS2 at different pump-probe 

delays.  Solid lines are fits with Gaussian function. 

 

Exciton motion is expected to be diffusive after carriers equilibrate with the lattice, 

which is on the order of ps.145 Exciton population as a function of space and time can be 

described by a differential equation that includes both the diffusion out of the initial volume 

and population decay, which is given by, 

                                                         
𝜕𝑛(𝑥,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑛(𝑥,𝑡)

𝜕𝑥2
−

𝑛(𝑥,𝑡)

𝜏
                                         (3) 

where D is the exciton diffusion constant and τ is the exciton lifetime.  The initial 

population n (x, 0) follows Gaussian distribution as created by a Gaussian pump beam at 

position (x0) (the pump and beam profiles) and is given by: 

                                                       𝑛(𝑥, 0) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎0
2 ]                                          (4) 
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Solution to Equation (3) dictates that exciton density at any later delay time (t) is also 

Gaussian and can be described as: 

                                                     𝑛(𝑥, 𝑡) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎𝑡
2 ]                         (5) 

The diffusion constant D is then given by: 

                                                              𝐷 = 
𝜎𝑡
2−𝜎0

2

2𝑡
                                                            (6)     

 To determine the exciton diffusion constants, we plot the variance square 

difference (𝜎𝑡
2 − 𝜎0

2) of 1L- and 100L-WS2 from Gaussian function fitting as a function of 

time delays as shown in Figure 4.9(a) and (b). (𝜎𝑡
2 − 𝜎0

2) for all thicknesses can well be 

described by Equation (6), as shown in Figure 4.9(c), which indicates that the exciton 

motion in the WS2 layers is indeed diffusive.  The exciton diffusion constant of 1L-WS2 

and 100L-WS2 is determined to be 2.8±0.2 and 10.4±0.4 cm2s-1, respectively. The diffusion 

constant as a function of the number of layers is plotted in Figure 4.9(d) which increases 

monotonically with the number of layers.  
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Figure 4.9 Exciton diffusion coefficient of WS2 with different thickness extracted from 

time-dependent distribution profiles. Spatial profiles of exciton distribution in (a) 1L-

WS2 and (b) 100L-WS2 with different pump-probe time delays. Solid lines are fits with 

Gaussian function. (c) The diffusion coefficient is obtained from the linear fitting of the 

variance of Gaussian profiles. Red lines are linear fits. (d) Extracted diffusion coefficients 

plotted as a function of the number of layers. 

 

In order to elucidate that the diffusion measurement is not limited by the system 

resolution, we carried out a control experiment on 1L-MoS2. The pump wavelength is at 

395 nm while the probe wavelength is at 670 nm to probe A exciton resonance. In 1L-

MoS2, the transient dynamics shows excitons decay very fast within several ps as shown 

in Figure 4.10(a) which can be explained by the greater higher defect density. As shown in 

Figure 4.10(b), no detectable diffusion is observed in 1L-MoS2.  
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Figure 4.10 (a) Transient dynamics of 1L-MoS2 with different pump fluence. (b) Spatial 

profiles of exciton distribution in control 1L-MoS2. 

 

4.4.3 Thickness-dependent exciton dynamics 

 

Figure 4.11 Thickness-dependent exciton lifetime. (a) Thickness-dependent transient 

dynamics are modeled by Equation (3).  Fits are shown in red solid lines. (b) Extracted 

decay constant is plotted as a function of thickness. 

 

TAM measurements also simultaneously provide information on exciton dynamics 

(Figure 4).  All exciton decays show an initial fast relaxation of ~ 1ps, which has been 

assigned to nonradiative relaxation of hot carriers at the Λ/Κ valleys prior to exciton 

formation.145 Thus, we focus our discussion on exciton dynamics occurring on timescale 

greater than 2 ps.  The dynamics are taken when both pump and probe beams are 
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overlapped in the center, and the exciton population decays are fitted to Equation (3) to 

extract exciton lifetime τ by using D deduced by Equation (6). Exciton dynamics differs 

significantly as thickness increases from 1L to 2L as expected for the transition from direct 

to indirect exciton and it gradually converges in the thicker sample (N > 3).10 The slower 

exciton decay in 2L than in 1L can be understood as the relaxation of indirect exciton that 

requires intervalley and interband phonon scattering. Further discussion on phonon 

scattering is presented in the next section. For the single layer, a bi-exponential decay is 

found with time constants of 4 ± 1ps and 150 ± 20 ps, respectively. The fast decay 

component agrees well with the lifetime for the bright A exciton, and the short exciton 

lifetime reflects the direct nature of the exciton.140  The slow decay component is assigned 

to the spin-forbidden “dark” exciton level lying ~ 30 meV below the bright A exciton in 

the 1L.140  Exciton dynamics for the 2L and thicker can be well fitted with single-

exponential decay as shown in Figure 4b and Figure S8.  The exciton lifetimes of 2L- and 

100L-WS2 are determined to be 65 ± 2 ps and 300 ± 30 ps, respectively. The extracted 

exciton lifetimes for the 2L and thicker are plotted in Figure 4b as a function of the number 

of layers.  
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4.4.4 Extrinsic factors in 2D exciton transport 

Figure 4.12 (a) Spatial profiles of excitons in a CVD 1L-WS2 at different pump-probe 

delay times. (b) Diffusion constants of both exfoliated 1L-WS2 and CVD 1L-WS2 are 

obtained from the linear fitting of the variance of Gaussian profiles using equation (6). 

Red lines are the linear fits. 

 

Exciton motion in the CVD grown 1L-WS2 is more than one order of magnitude 

slower than exfoliated 1L-WS2, with a diffusion constant of 0.1±0.04 cm2s-1 and no 

discernable exciton transport within the 400 ps experimental window, as shown in Figure 

4.12.  Since defect density in CVD WS2 (~3 × 1013 cm-2)180 is greatly higher than exfoliated 

WS2 (~2 × 109 cm-2)181, this drastically difference can be explained by the more prevalent 

defect and/or impurity scattering for the CVD grown sample compared to the exfoliated 

sample. 
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4.4.5 Intrinsic factors than control 2D exciton transport 

 

Figure 4.13 Extracted decay constant and exciton mobility is plotted as a function of 

thickness. 

 

To compare our experimental results to previous measurements and theoretical 

calculations on carrier mobility, we relate exciton diffusion constant D to mobility (μ) by 

Einstein relation, 𝜇 =
𝑒𝐷

𝑘𝐵𝑇
, where e, kB, and T is the elementary charge, Boltzmann constant, 

and temperature, respectively.  For 1L-WS2, exciton mobility is determined to be 109 ± 6 

cm2V-1s-1, which is on the same order as electron mobility of 50 cm2V-1s-1 from electrical 

measurements.196  Exciton mobility for 2L and thick is plotted in Figure 4.13.  

We relate exciton motion to electron and hole motions using the center of mass 

coordination, 𝑅 =
𝑚𝑒
∗𝑟𝑒+𝑚ℎ

∗ 𝑟ℎ

𝑀
, where 𝑚𝑒(ℎ)

∗  is electron (hole) effective mass, M is exciton 

effective mass as given by 𝑀 = (𝑚𝑒
∗ +𝑚ℎ

∗ ), and R, 𝑟𝑒, and 𝑟𝑒 are exciton, electron, and 
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hole coordinates, respectively.197 Because diffusion constant and mobility is related to 

mean squared displacement, as expressed by < 𝑅 − 𝑅0 >
2= 2𝐷𝑡 =

2𝜇𝑘𝐵𝑇𝑡

𝑒
. Therefore, 

exciton mobility can be expressed as 

                                                        𝜇 =
𝑚𝑒
∗2𝜇𝑒+𝑚ℎ

∗ 2𝜇ℎ+𝑚𝑒
∗𝑚ℎ

∗
√𝜇𝑒𝜇ℎ

𝑀2                                    (5) 

Intrinsic phonon-limited room temperature electron and hole mobility has been calculated 

to be 320 cm2V-1s-1 and 540 cm2V-1s-1, respectively for single layer WS2.198 By using 𝑚𝑒
∗ =

0.31 𝑚0and 𝑚ℎ
∗ = 0.42 𝑚0at the K point, intrinsic exciton mobility is found to be 370 

cm2V-1s-1 for 1L-WS2
198, which is more than 3 folds higher than the experimental exciton 

mobility of 109 ± 6 cm2V-1s-1 measured here. 

Significantly lower exciton mobility in the 1L-WS2 than the predicted intrinsic phonon 

scattering limit indicates extrinsic factors dominate.  For 2D layered semiconductors, three 

types of lattice phonons contribute to the intrinsic scattering of carriers and excitons: (1) 

in-plane polar optical phonons through Frölich interaction; (2) out-of-plane homopolar 

(nonpolar) phonons via deformation potential; and (3) acoustic phonons via deformation 

potential.199-201 For the single layer and few layers, charge carriers and excitons are 

subjected to interfacial Coulomb scattering by charge impurities and remote scattering 

from surface phonons of the substrate in addition to intrinsic phonon scattering202-203.   

Charge impurities and surface optical phonons have found to dominate the electron 

mobility in the single layer and few layers cases and become less significant for the thicker 

layers.202-203 Previous electron mobility measurements showed a maximum of 240 cm2V-

1s-1 at a thickness around 10 nm.181, 203 However, electrical measurements in the field effect 

transistor (FET) geometry cannot fully evaluate thickness dependent mobility because, for 

large layer thickness, FET mobility drops dramatically due to a resistor network model.204-
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205 For back gating in FETs, metal contacts only directly connect to the bottom layers. The 

connection to the top layers requires additional interlayer resistors. Thus, the carrier 

mobility decreases with layer thickness artificially because of the increased interlayer 

resistance.204-205  

The TAM measurements presented here, on the other hands, do not depend on any 

contact and should reflect the true limit of exciton and carrier transport.  As shown in Figure 

4b, exciton mobility tracks exciton lifetime almost perfectly for thickness greater than 20L.  

Because the indirect exciton lifetime for thickness greater than 2L directly reflects exciton-

phonon scattering time, Figure 4.13 implies that phonon-limited exciton transport is 

achieved in layers thicker than 20L. For 20L or thinner, exciton mobility increases at a 

slower rate than exciton decay constant, indicating that charge impurities and remote 

phonon scattering still play a role. Interestingly, exciton mobility and decay constant 

continue to increase until a thickness of ~ 100L and mobility of 411 ± 16 cm2V-1s-1, 

implying that intrinsic exciton-phonon scattering is thickness dependent even for thickness 

greater than 20L.  One possible mechanism is that out-of-plane homopolar phonons 

scattering perpendicular to the layers reduces as thickness increases.  This is consistent 

with quenching of the homopolar mode in monolayer MoS2 when 30 nm thick top gate 

with a high dielectric constant is deposited.201, 206  

The results shown in Figure 4.13 show that phonon-limited intrinsic exciton 

mobility is ~ 400 cm2V-1s-1 for multilayer WS2, which is similar to the value of phonon-

limited 370 cm2V-1s-1 deduced for 1L WS2. We interpret the mobility using scattering 

theory 𝜇 =
𝑒∗<𝜏𝑠>

𝑀
 where < 𝜏𝑠>is the average scattering time of the excitons. A <𝜏𝑠> of ~ 

500 fs is calculated for 100 L-WS2 by using an effective mass of the indirect exciton of 
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1.02 𝑚0 (electron effective mass at Λ valley is 0.6 𝑚0)198, which agrees well with the 

theoretical  prediction of intrinsic phonon scattering.  

4.5 Conclusion 

In summary, we employed ultrafast microscopy to evaluate intrinsic and extrinsic 

factors that control 2D exciton transport in WS2. We successfully image the exciton 

population and dynamics in space and in time.  The exciton mobility in single layer WS2 

is determined to be (109 ± 6 cm2V-1s-1) and is largely limited by extrinsic factors such as 

charge impurities and surface phonons of the substrate. Therefore, one needs to effectively 

screen the scattering by charge impurities and surface optical phonons via interface 

engineering in order to achieve the phonon-limited exciton transport in single layers. Our 

results demonstrated that the intrinsic phonon-limited exciton transport with mobility as 

high as 411 ± 16 cm2V-1s-1 is achievable for samples with the thickness greater than 20 

layers. These results show that both direct and indirect excitons in TMDCs are intrinsically 

quite mobile, with mobility on par with the 2D excitons in coupled GaAs quantum wells, 

making them attractive for optoelectronic applications. 
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 ULTRAFAST CHARGE TRANSFER AND 

ENHANCED PHOTO-CARRIER GENERATION IN TWO-

DIMENSIONAL WS2/GRAPHENE HETEROSTRUCTURES 

This chapter is adapted with permission from Long Yuan, Ting-Fung Chung, Agnieszka Kuc, Yan Wan, 

Yang Xu, Yong P. Chen, Thomas Heine, and Libai Huang, Science Advance, 2018, 4, e1700324.  

5.1 Abstract 

Efficient interfacial carrier generation in van der Waals heterostructures is critical 

for their electronic and optoelectronic applications. In this chapter, we present a joint 

experimental and theoretical study to address charge generation from interlayer charge-

transfer (CT) transitions in WS2/graphene heterostructures by imaging interlayer-coupling 

dependent charge generation using ultrafast transient absorption microscopy. CT 

transitions allow for carrier generation by excitation well below the WS2 bandgap, and the 

experimentally determined transition energies agree with those predicted from the first-

principles band-structure calculations. Excitation of the CT transitions also leads to 

additional carrier generation in the visible spectral range in the heterostructures compared 

to that in single layer WS2 alone. The lifetime of the charge-separated states is measured 

to be ~ 1 ps. These results suggest that interlayer interactions make graphene/2D 

semiconductor heterostructures very attractive for photovoltaic and photodetector 

applications, because of the combined benefits of enhanced broadband photocarrier 

generation due to the CT states and high carrier mobility. 
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5.2 Background 

5.2.1 Two-dimensional Van der Waals heterostructures 

Nanostructured materials hold great promises as building blocks for creating new 

architectures for electronic and optoelectronic devices. Atomically thin van der Waals 

layers2, 53 represent a new two-dimensional (2D) material class with unusual optical and 

electronic properties emerging at the single layer or few-layer limit3, 5-8, 12, 28, 42, 207, which 

provide opportunities to design new functionalities. Specifically, heterostructures can be 

formed by artificially stacking layers of different 2D materials, because traditional 

restrictions in heterostructure-growth such as lattice matching conditions and atom 

interdiffusion are no longer required.53-56 In the past few years, heterostructures constructed 

from graphene, boron nitride, and semiconducting transition metal dichalcogenides 

(TMDCs) have established a remarkable platform for photoactive applications, including 

photodetectors, light-emitting diodes, and atomically thin photovoltaics.25, 63, 208-216 

5.2.2 Charge transfer transitions  

The structural tunability of 2D nanostructures along with atomically thin and sharp 

2D interfaces provides new opportunities in controlling charge transfer interactions at the 

interfaces.52, 90 Charge transfer at 2D interfaces has been demonstrated to be very rapid 

occurring on timescales ranging from 50 fs to a few ps and interlayer charge-transfer (CT) 

exciton transitions have been observed.81-82, 88-89, 93-95, 217-221  It is still elusive that how 

interlayer charge transfer interactions contribute to interfacial charge generation and 

separation in 2D heterostructures. Charge separation could take place directly by exciting 

CT transitions at the interface. Because the interlayer distance between the graphene and 

the 2D semiconductor layer could be as small as 3 Å, interlayer interactions beyond London 
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dispersion are apparent, leading to modification of optical absorption and band structure.88, 

222-225 In addition, since practically every atom is on the surface, interfacial charge transfer 

is expected to play a much more important role in 2D heterostructures than those formed 

by bulk materials. Despite emission from interlayer CT excitons have been observed in 2D 

heterostructures57, 93-95, 101-102, 221, no direct excitation of such CT states has been reported, 

partly due to relatively weak oscillator strengths.104 

In this chapter, we present a joint experimental and theoretical investigation to 

address charge generation from interlayer CT transitions in TMDC/graphene 

heterostructures. We use spatial ultrafast transient absorption microscopy (TAM) to 

directly compare charge generation at different interlayer coupling strengths to elucidate 

the role of CT transitions in WS2-graphene heterostructures. These results demonstrate 

effective broadband carrier generation by excitations below the bandgap in 

TMDC/graphene heterostructures. 

5.3 Experiential Methods 

5.3.1 WS2/Graphene heterostructures fabrication 

Single layer and bilayer WS2 were mechanically exfoliated form bulk WS2 crystals 

(2D Semiconductors, Inc) onto Si wafer with a 90 nm-thick oxide. The number of layers 

was confirmed by using a combination of photoluminescence and Raman spectroscopy.195 

Monolayer graphene film was grown on copper (Cu) foils at atmospheric pressure using 

chemical vapor deposition (CVD).226-228 The CVD graphene used in this work is 

polycrystalline with an average grain size of ~15 µm. The heterostructures were assembled 

by depositing CVD-grown graphene on top of single layer and bilayer WS2 using an 
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alternative poly (methyl methacrylate) (PMMA) transfer process to minimize aqueous 

solution at the WS2/graphene interface.71, 229 The CVD-grown graphene on Cu foil was 

spin-coated (3000 r.p.m.) with 950PMMA-A4 (MicroChem). PMMA-coated graphene was 

adhered to a polymer frame with a hole at the center and suspended by Cu etching. The 

residual etchant was diluted with DI water. The PMMA/graphene membrane was gently 

blown dry with nitrogen and then brought into contact with WS2 layers followed by baking 

at around 350 K for 5 minutes to promote adhesion between graphene and WS2. Finally, 

the heterostructure was annealed at 420 K in the vacuum of 10-5 Torr for 2 hours followed 

by natural cooling. Figure 1 displays the optical image of a 2L-WS2/graphene 

heterostructure. The orientation of WS2 and graphene layers are not aligned in any 

particular way in the momentum space. 

 

Figure 5.1 Optical image of a 2L-WS2/graphene heterostructure. 
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5.3.2 Linear absorption microscopy 

We doubled the fundamental light (1.57 eV) from a Ti: Sapphire oscillator (Coherent 

Mira 900) to measure the linear absorption at 3.14 eV of a CVD-WS2/graphene on a transparent 

sapphire substrate. A 40 × /NA = 0.60 objective was used to focus light onto the sample. Both 

the transmission and reflection light were then collected and detected by avalanche Si 

photodiodes (Hamamatsu). The absorption of WS2/graphene is calculated by using the 

graphene only region on the same substrate as the reference and solving the following two 

equations together: 

                           𝐼 = 𝑇𝑔 + 𝐶𝑅𝑔 + 𝐴𝑔 × 𝐼  (on the reference graphene only region)                (1)                   

                          𝐼 = 𝑇𝑊𝑆2
𝐺

+ 𝐶𝑅𝑊𝑆2
𝐺

+ 𝐴𝑊𝑆2
𝐺

× 𝐼 (on the heterostructure region)           (2)                 

where 𝐼 is the total incident light intensity; 𝑇𝑔 is the transmitted light intensity of graphene; 𝑅𝑔 

is the reflection light intensity of graphene; 𝐴𝑔  is the absorption of graphene; 𝑇𝑊𝑆2
𝐺

 is the 

transmitted light intensity of WS2/graphene; 𝑅𝑊𝑆2
𝐺

 is the reflection light intensity of 

WS2/graphene; 𝐴𝑊𝑆2
𝐺

 is the absorption of WS2/graphene; 𝐶 is the collection efficiency of the 

reflection arm.  We use a 𝐴𝑔value of 0.0424 for graphene at 3.14 eV from a previous report.124, 

230  

5.3.3 First-principles calculations  

All systems were fully optimized (atomic positions and lattice vectors) within the 

density-functional theory (DFT). In the commensurate model, we have averaged the lattice 

vectors of graphene and WS2 using 5×5 and 4×4 unit cells, respectively. This results in the 

lattice parameter a = 12.433 Å, corresponding to 0.6% stretch of graphene and 1.7% 

compression of WS2. In the incommensurate model, we superposed the band structure of 
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perfect monolayers of graphene and WS2 for the presentation of the band structure and the 

mismatch of the Brillouin zones of both materials. The models were fully optimized using 

CRYSTAL09 with the following basis sets: C 6-21G*231, S 86-311G*232, W large-core ECP233, 

and the PBE functional234 with the D3 dispersion correction proposed by Grimme235. Band 

structures were obtained from the VASP code236-238 using projector-augmented waves (PAW) 

with the energy cutoff of 500 eV for the commensurate model and 600 eV for the unit cells. 

We have used the HSE06 functional239 together with the spin-orbit coupling for the 

incommensurate band structure representation, while the commensurate system was treated 

using PBE. The layered models were calculated with a 20 Å vacuum, to ensure negligible 

interactions with the neighboring cells in the 3D periodic boundary condition representation. 

The dispersion corrections were treated at the D3 level. 3×3×1 and 6×6×1 k-point mesh were 

used for the larger and smaller models, respectively. 

5.3.4 Spatial resolution of TAM  

 

Figure. 5.2 Determination of spatial resolution of TAM. (a) TAM image of a 2L-

WS2/graphene heterostructure. (b) Gaussian function fit of line profile shown in Figure 

5.2 (a). 

 

We determine the spatial resolution of TAM to be ~ 400 nm by fitting a very small 

feature (red dash line in a) in the TAM imaging with a Gaussian function (b). 
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5.3.5 Determination of pump fluence and exciton density in the TAM measurements 

In TAM experiments, excitons in WS2 are generated by the absorption of the pump 

laser. The peak fluence of pump pulse (𝑃𝑓) could be calculated as: 

                                                                 𝑃𝑓 =
𝑃

𝐴
                                                                (3) 

where 𝑃 is the pump pulse energy, 𝐴 is the pump excitation effective area. Since pump 

pulse is a Gaussian beam. To calculate the exciton density injected by the pump, we assume 

that every absorbed pump photon could create one exciton. This assumption is widely used 

in previous optical measurements and gives reasonable explanations to experimental 

results.107, 163, 176, 187 Then, the injected exciton density could be obtained as: 

                                                                  𝑁 =
𝛼𝑃𝑓

ℏ𝜈
                                                             (4) 

where 𝛼 and ℏ𝜈 are the absorption coefficient and photon energy of the pump pulse. 

5.4 Results and discussion 

5.4.1 Spatial heterogeneity in WS2/graphene heterostructure 

 

Figure 5.3 AFM measurement of the 2L-WS2/graphene heterostructure. (a) AFM image of 

the 2L-WS2/graphene heterostructure. (b) Line profiles taken along the black and red 

dashed lines indicated in (a). Scale bar represents 1 μm. 
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From the AFM image (Figure 5.3 (a)), significant spatial heterogeneity in the 

contact between the 2L-WS2 and the graphene layer can be observed, which is common 

for heterostructures fabricated by transfer methods. Specifically, there is an area 1 with 

very flat morphology while another area 2 has a lot of ripples, which indicates good contact 

between the graphene and the WS2 layers in area 1 and poor contact in area 2.  The 

difference in contact can also be clearly seen by the AFM line scans from areas 1 and 2 

shown in Figure 5.3 (b).  

5.4.2 Interlayer coupling dependent charge transfer 

 

Figure 5.4 PL spectra (a) and normalized time-resolved PL dynamics (c) of individual 

1L-WS2 and 1L-WS2/graphene, red lines are exponential fittings. 

 

We applied photoluminescence microscopy to study charge transfer in 1L-

WS2/graphene. The integrated PL intensity of 1L-WS2/graphene is about 70 times weaker 

than the individual 1L-WS2 as shown in Figure 5.4 (a). The strong PL quenching in 1L-

WS2/graphene was also observed in previous optical measurements.217, 240-241 In Figure 5.4 

(b), we demonstrated how charge transfer affects the PL dynamics of 1L-WS2/graphene. 

In the individual 1L-WS2, a single-exponential function convoluted with instrument 
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response function (IRF) was used to fit the PL dynamics. We obtained a decay constant of 

675 ps, which agrees well with previous time-resolved measurement.195 In the 

heterostructure, The PL decay is much faster and shows a two-component decay behavior 

with a fast decay of 44 ps (76%) and slow decay of 229 ps (24 %). We attributed the fast 

decay in 1L-WS2/graphene to the charge transfer between graphene and WS2. We noticed 

the heterogeneity could strongly affect the measurements results. We measured the PL 

signal at different locations. The data displayed here is a position where charge transfer 

quenching dominates. 

The inherent spatial heterogeneity as imaged in Figure 5.3 (a) presents a major 

difficulty in elucidating interfacial charge transfer dynamics in relation to interlayer 

coupling.103 To circumvent this difficulty, we employ TAM with high spatial and temporal 

resolutions to image how interlayer-coupling affects the dynamics of charge transfer from 

WS2 to graphene. We first excite WS2 at 3.14 eV and probing the A exciton bleach at 1.99 

eV to investigate charge transfer from WS2 to graphene. The pump fluence of ~ 2 μJcm-2 

corresponds to an exciton density of ~ 3.6×1011 cm-2 in 1L-WS2 (~ 7.2×1011 cm-2 in 2L-

WS2). To construct an image, pump-induced change in probe reflection ∆R is plotted as a 

function of the sample position. Note that the graphene-only regions of the samples have 

no detectable signal under the experimental conditions due to a lower absorption 

coefficient compared to WS2. 
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Figure 5.5 TAM image of the 2L-WS2/graphene measured at 0 ps (pump at 395 nm and 

probe at 624 nm, pump fluence ~ 2 uJ/cm2). (e) TAM image measured at 2 ps. 

 

The TAM images at 0 ps and 2 ps pump-probe delay are shown in Figures 5.5 (a) 

and (b), respectively.  Most interestingly, TAM image at 0 ps exhibits significant 

heterogeneity in transient absorption (TA) signal level that correlates with morphology 

mapped by AFM (Figure 5.3 (a)), with higher TA signal observed for the stronger coupling 

area 1.  The graphene only region of the sample has no detectable signal under the same 

pump intensity. In contrast, TAM image at 2 ps shows that area 2 has a higher signal than 

area. The result indicates that area 1 has a much faster charge transfer from WS2 to 

graphene than area 2. As expected, better interlayer contact leads to faster charge transfer. 
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A control 2L-WS2 is also imaged as shown in Figure 5.6 (a) and (b). No spatial 

heterogeneity is observed which also proves that the spatial heterogeneity in the TA signal 

resulted from interlayer coupling between WS2 and graphene.   

 

Figure 5.6 TAM images of a control 2L-WS2 flake at time delays of 0 ps (a) and 5 ps (b) 

with 3.14 eV pump and 1.99 eV probe. 

 

 

Figure 5.7 Normalized transient dynamics of the heterostructure at area 1, 2 as marked, 

and a control 2L-WS2. Solid lines are the fitting curves with exponential decays 

convoluted with experimental response function. All scale bars represent 1 µm. 
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The exciton decay at the strong-coupling area 1 can be fitted with a single 

exponential function with a decay constant of 3.0 ± 0.1 ps (Figure. 5.7), similar to what has 

been reported previously.217 On the other hand, the weak-coupling area 2 shows a much 

slower bi-exponential exciton decay, with a fast component of 3.8 ± 0.3 ps (55%) and a 

slow component of 71.3 ± 3.0 ps (45%) (Figure. 5.7). The slow decay component observed 

for area 2 is very similar to that from a control 2L-WS2 flake, consistent with poor contact 

hampering charge transfer from WS2 to graphene. The transient dynamics of control 2L-

WS2 is also measured as shown in Figure.5.8 and no spatial heterogeneity is observed in 

exciton dynamics.  

 

Figure 5.8 Normalized transient dynamics of position 9 and 10 in 2L-WS2 indicated in 

Figure 5.5 with a pump fluence of 8.4 µJ cm-2. 
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Similar spatial heterogeneity in TAM image is also observed in the 1L-

WS2/graphene heterostructure as shown in Figure 5.9 (a). Charge transfer at a strong-

coupling location of the 1L-WS2/graphene heterostructure has a characteristic time of 1.4 

± 0.1 ps (Figure 5.9 (b)), demonstrating even stronger coupling between graphene and the 

1L-WS2 layer than in the 2L-WS2/graphene heterostructure. 

 

Figure 5.9 (a) Correlated TAM image of the 1L-WS2/G heterostructure measured at 0 ps 

probing the A exciton resonance. Pump photon energy = 3.14 eV and probe photon 

energy =1.99 eV (b) Normalized transient dynamics of the heterostructure at areas 1 and 

2 as marked, and the control 2L-WS2 layer.  Solid lines are the fitting curves with 

exponential decays convoluted with the experimental response function. All scale bars 

represent 1 µm. 

 

5.4.3 Signature of charge transfer in Raman imaging 

Here we employed Raman spectroscopy to characterize the quality of interfacial 

contact and charge transfer doping between graphene and WS2 layer. We found largely 

increase of the position of G mode (G),242 at which directly associates with charge carrier 

doping (n), in graphene in the heterostructures compared to another area without WS2 layer 

shown in Figure 5.10 (a). On the other hand, the 2D mode of graphene stiffens in the 

heterostructure, suggesting that graphene is further p-doped (estimated n ~ 5  1012 cm-2 
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from G ~ 1591 cm-1 at region A) by the underneath 2L-WS2 via surface charge transfer 

(Figure 5.10 (b)). The background hole doping in graphene adjacent to the heterostructure 

is estimated to be n ~ 2.5  1012 cm-2 (G ~ 1585 cm-1). In the heterostructure,  

 

Figure 5.10 (a) Raman mapping of the G band of graphene in 2L-WS2/graphene. Obvious 

shift of the G band is due to surface charge transfer doping from underneath WS2; (b) 

Comparison of the Raman spectrum of graphene while sitting on a 2L-WS2 (position 9) 

and a bare Si substrate (90 nm thick SiO2). Curves are vertically shifted for clarity. The 

rising background for the wavenumber above 2600 cm-1 originates from the 

photoluminescence of WS2; Raman mapping of the position of (c) the strong peak (2LA 

and E1
2g) and (d) the A1g peak in 2L-WS2/graphene heterostructure. All scale bars 

represent 1 m. 

 

the main peak (2LA and E1
2g) shifts to a higher wavenumber while the A1g remains almost 

unchanged (Figure 5.10 (c) and (d)). Furthermore, the full width at half-maximum (FWHM) 

of these peaks broadens compared to normal individual 2L-WS2. These results can be 

understood by a combination of mechanical strain and charge transfer doping. We ignore 

the factor of temperature owing to the same measurement condition. It has been shown that 
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the two Raman-active phonon modes E1
2g and A1g in the case of a MoS2/graphene 

heterostructure downshifts (due to in-plane tensile strain) and upshifts (due to van der 

Waals interaction with adjacent layers), respectively.243 Since there are lattice mismatch 

and different thermal expansion coefficient (TEC = 6.4  10-6 K-1 for WS2
244 and ~ -8  

10-6 K-1 for graphene245), lattices of WS2 and graphene are expected to suffer tensile and 

compressive strains respectively when forming a heterostructure. We indeed observe a 

compressive strain of ~ -0.3 % in graphene of the heterostructure by analyzing the 

correlation between the two Raman modes (G and 2D) of graphene246, but do not find 

tensile strain (downshift of the E1
2g) in the 2L-WS2 layer which is inconsistent with the 

expectation due solely to lattice and TEC mismatch. Since notable p-doping is found in the 

graphene of 2L-WS2/graphene, comparable effect of charge transfer (electron) doping must 

be accounted for the interpretation of the Raman data measured in WS2. It has been reported 

that chemical doping of WS2 on typical Si substrate with lithium fluoride (n-type dopant) 

yields downshifting and broadening of A1g peak247, which could compensate the upshift 

(no position change of A1g) caused by van der Waals interaction at the interface of WS2 

and graphene. On the other hand, the pre-dominant 2LA mode in the strongest peak at ~ 

350 cm-1 slightly upshifts upon electron doping, which could overcompensate the effect of 

tensile strain, resulting in an upshift of the peak (Figure 5.11). Hence, our Raman result in 

the WS2 is qualitatively consistent with the synergistic effect arising from interfacial charge 

doping and mechanical strain.  
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Figure. 5.11 Raman spectra of 2L-WS2/G heterostructure (area 1 as shown in Figure 1 

(d)) (red line) and control 2L-WS2 (black line). The enhancement ratio of Raman 

intensity is about 1.4 times in 2L-WS2/graphene than control 2L-WS2. 

 

5.4.4 Transient bandgap renormalization 

 

Figure 5.12 (a) TA spectrum of A exciton resonance in 2L-WS2/graphene (0 ps delay) at 

different positions as well as for a control 2L-WS2. Pump photon energy is 3.14 eV and 

pump fluence of 2 µJ / cm2. (b) TA spectrum of A exciton resonance in 1L-

WS2/graphene and a control 1L-WS2 at 0 ps delay. 
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Figure 5.12 (a) plots transient absorption spectra of 2L-WS2/graphene at areas 1 

and 2 along with the control 2L-WS2 taken with pump excitation energy of 3.14 eV pump. 

The three spectra are taken under identical experimental conditions. Photoinduced 

bleaching of the A exciton band (also known as saturation of absorption)  ~ 2.0 eV is 

observed for both the heterostructure and the control 2L-WS2 flake, similar to previously 

reported.  The magnitude of the TA signal at strong-coupling position 1 is ~ 2 times higher 

than the control 2L-WS2 while the weak-coupling area 2 has similar TA amplitude as the 

control.  The enhanced TA signal at strong-coupling area 1 is greater than the simple 

addition of signals from graphene and WS2 because graphene only has no detectable signal 

under the experimental condition.   TA spectrum from a strong-coupling location of a 1L-

WS2/graphene heterostructure is shown in Figure 5.12 (b), along with a control 1L-WS2.  

Notably, the TA signal is enhanced even more in 1L-WS2/graphene heterostructure, ~ 4 

times over the control 1L-WS2 flake, consistent with stronger graphene-WS2 coupling.   

The TA spectrum of the 1L-WS2/graphene heterostructure is very different from the control:  

it has a derivative shape with a new redshifted photoinduced absorption band.  

The derivative shaped TA spectrum with the redshifted photoinduced band 

observed for 1L-WS2/G heterostructure (Figure 5.12 (b)) is a signature of bandgap 

renormalization due to the screening of photogenerated free carriers.146, 148, 248 The transient 

reduction of Eopt is estimated to be ~ 30 meV at 0 ps from Figure 5.12 (b). Bandgap 

renormalization occurs when the screening of Coulomb interaction by free electrons and 

holes becomes more significant, which usually caused by exciton dissociation at high 

density.146  One consequence of screening by free carriers is the shrinkage of the single-

particle band gap (bandgap renormalization); the other consequence is the reduction of 



105 

 

exciton binding energy Eb.  The final Eopt reflects the balance of the two energy shifts.  In 

2D semiconductors the shrinking of the single particle bandgap is more significant than the 

reduction of Eb and the combined effect is a redshifted Eopt at high free carrier 

concentration.133, 146, 148, 249-250    The observation of bandgap renormalization effects in 1L-

WS2/graphene heterostructure is very surprising because the pump intensity we use here is 

about an order of magnitude lower than the previous studies that reported bandgap 

renormalization.  The exciton density here corresponding to an inter-exciton distance of ~ 

6 nm, much greater than the radius of the A exciton of ~ 1.5 nm190, thus many body 

excitonic effects such as bandgap renormalization should be negligible. At such low 

exciton density, Pauli blocking by excitons dominates, which could broaden absorption but 

should not shift optical bandgap energy Eopt.251 Similar transient bandgap renormalization 

has also been observed for another 1L-WS2/graphene heterostructure on a sapphire 

substrate (Figure 5.13). 

 

Figure 5.13 TA image (a) and spectrum of A exciton resonance for a strong and a weak 

coupling location of a 1L -WS2/graphene heterostructure on a sapphire substrate at 0 ps. 

Pumped at 3.14 eV. 
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Figure 5.14 Summary of different processes following photoexcitation in WS2 layers (a) 

and in 1L-WS2/graphene heterostructure (b). 

 

Figure 5.14 schematically summarizes different processes following 395 nm 

photoexcitation in the heterostructures and corresponding controls. As illustrated in Figure 

5.12 (a), photoexcitation of the WS2 layers forms excitons that decay by electron-hole 

recombination and other nonradiative pathways (not shown).  Photoexcitation of the 

heterostructures creates two types of excited states: excitons through intralayer excitonic 

transitions and free electron and holes (electrons in the WS2 layer and the holes in the 
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graphene) through interlayer transitions.  The relaxation processes in the heterostructures 

are more complex involving rapid electron and hole transfer from WS2 to graphene.    

Screening from the free carriers leads to transient bandgap renormalization in the 1L-

WS2/graphene heterostructure.  Note that the density of free carriers is not quite high 

enough for the 2L-WS2/graphene heterostructure to observe bandgap renormalization 

effects because the interlayer transitions are weaker than those in 1L-WS2/graphene 

heterostructure (Figure 5.12).  

The larger transient bandgap renormalization effects at the strong coupling 

locations could be explained by the lower binding energy of the interfacial CT states than 

that for the A excitons in WS2 (~200 meV when it is covered by graphene). Because of the 

spatially separated nature and the efficient screening of Coulomb interaction by graphene, 

electrons and holes generated at the interface from the CT states are more “free” and can 

potentially screen the Coulomb interaction more effectively than the A excitons, which 

result in a larger shift in the exciton resonance. 
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Figure 5.15 Pump intensity dependent TA spectra of a control 1L-WS2 flake. Pump 

photon energy = 3.14 eV. 

 

To verify the transient bandgap renormalization effects observed is not just due to 

higher exciton density, we have measured TA spectrum of 1L-WS2 at exciton density from 

7.2×1011 cm-2 to 2.9×1012 cm-2 (see Figure 5.15) Even at 8 times higher exciton density 

than that in the measurements of Fig. 4A, no obvious transient bandgap renormalization 

has been observed. We note that a previous study252 reported the exciton redshift at exciton 

density of as low as 1011 cm-2 under similar non-resonant excitation condition, which is 

somewhat inconsistent with our results.  
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5.4.5 Carrier generation by excitations below the WS2 bandgap 

 

Figure 5.16 TA signal at 0 ps probed at 1.99 eV (A exciton resonance) for the 1L-

WS2/graphene heterostructure when varying the pump photon energy from 1.2 eV to 1.8 

eV, pump fluence ~ 2 µJ cm-2. 

 

We perform measurements with pump photon energies below the WS2 bandgap 

where only the interlayer CT transitions and graphene can be excited. Figure 5.16 plots the 

TA signal intensity at 0 ps probed at the A exciton resonance (1.99 eV) in the 1L-

WS2/graphene heterostructure and a control 1L-WS2 when varying the pump photon 

energy from 1.2 eV to 1.8 eV (bandgap of WS2 is ~ 2 eV) with a pulse spectral width of ~ 

20 meV.  No detectable TA signal above the noise level is observed for the control 1L-

WS2 layer with pump energy lower than 1.8 eV. 
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Figure 5.17 TA spectrum of A exciton resonance in the1L-WS2/graphene, 2L-

WS2/graphene heterostructures, and the control 1L-WS2 at 0 delay time with 1.57 eV 

pump photon energy, pump fluence ~ 17 µJ cm-2. 

 

In contrast, both heterostructures show TA spectra that track the WS2 A exciton 

resonance with pump energy of 1.57 eV (Figure 5.17). The TA signal intensity is strongly 

dependent on the interlayer coupling. Figure 5.18 illustrates TAM images at 0 ps delay 

with 1.57 eV pump photon energy for the same 2L-WS2/graphene heterostructure as shown 

in Figure 5.1. TA signal intensity is higher at the strong-coupling area 1 than the weak-

coupling area 2. The overall patterns observed by TAM imaging with the 1.57 eV pump 

(Figure 5.18) are similar to those with the 3.14 eV pump as shown in Figure 5.5 (a). 
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Figure 5.18 TAM imaging of 2L-WS2/graphene at 0 ps, scale bar represents 1 µm. 1.57 

eV pump and 1.99 eV probe, pump fluence ~ 17 µJ cm-2. 

 

There are two possible mechanisms (illustrated in Figure 5.19) that could lead to 

the bleaching of A exciton by excitation below the WS2 bandgap. One possibility is that 

the photon is absorbed by the graphene layer and hot carriers are subsequently transferred 

from graphene to WS2 (mechanism 1, only electron pathway is shown).253 Similar 

mechanism has led to the generation of photocurrent with excitations below the bandgap 

in graphene/WSe2 heterostructures, as reported by Massicotte et al.253 The absorption by 

graphene is due to interband transitions, creating photoexcited electrons and holes with 

energy 𝐸 =
𝐸𝑝ℎ𝑜𝑡𝑜𝑛

2
. Carrier-carrier scattering establishes a quasi-equilibrium distribution 

in ~30 fs with an elevated effective electron temperature 𝑇𝑒 (41). For hot electron injection, 

the Schottky barrier is equal Φ𝐵 = (𝐸𝐶𝐵𝑀 − 𝐸𝐷)  where 𝐸𝐶𝐵𝑀  is the conduction band 

minimum (CBM) of  WS2
254-255 and 𝐸𝐷 is the Dirac point of the graphene layer. Φ𝐵 can 

vary depending on the doping level of the two layers and the substrate. The hot electrons 

with energy larger than the barrier height Φ𝐵  can be injected into the WS2 layer. The 

number of electrons with sufficient energy is given by Boltzmann distribution and scales 



112 

 

with 𝑒
−

Φ𝐵
𝑘𝑏𝑇𝑒 , where 𝑘𝑏  is the Boltzmann constant.253 Similar process also exists for the 

holes. The other possible mechanism is through direct excitation of interlayer CT 

transitions (mechanism 2 in Figure 5.19), where electrons can be promoted from graphene 

to WS2 (shown in Figure 5.19) or holes promoted from WS2 to graphene (not shown). For 

mechanism 2, the momentum of graphene and WS2 needs to be taken into account and the 

transition energies will be discussed in the following section. 

 

Figure 5.19 (a) Schematic showing two possible mechanisms. One possibility is that the 

graphene layer is excited and hot carrier is subsequently transferred from graphene to 

WS2 (mechanism 1), and the other possibility is the direct excitation of interlayer CT 

transitions (mechanism 2). (b) The amplitude of the TA signal at a 0-ps time delay versus 

pump fluence for the 1L-WS2/graphene heterostructure at area 3 showing a linear 

dependence at three different pump photon energies (probe, 1.99 eV). 

 

Both mechanisms illustrated in Figure 5.19 could contribute to the TA signal; 

however, it is highly challenging to separate these two contributions. In principle, although 

linear absorption could directly measure the CT transitions from mechanism 2, this is a 

difficult task because of the weak oscillator strengths.256 For instance, the interlayer exciton 

oscillator strength in MoSe2/WSe2 heterostructures is at least 20 times weaker than that of 

the intralayer exciton.104 To separate the contribution from the two mechanisms, we 
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examined the pump fluence dependence when excited below the WS2 bandgap. As 

demonstrated by Massicotte et al253, the photocurrent exhibits a 𝑃𝛼 (𝛼 > 1) dependence 

on the pump fluence due to the hot carrier injection contribution when excited below the 

bandgap of WSe2, which can be explained by the fact that the number of electrons with 

sufficient energy scales with 𝑒
−

Φ𝐵
𝑘𝑏𝑇𝑒 . In contrast, direct absorption by WSe2 above the 

bandgap leads to a linear power dependence (𝛼 = 1). As shown in Figure 5.19 (b), a linear 

dependence (that is, ∆𝑅 ∝ 𝑃, 𝛼 = 1) is observed for excitations at 1.30, 1.60, and 1.80 eV 

in the 1L-WS2/graphene heterostructure, which could not be explained by hot carrier 

injection from graphene. A linear pump fluence dependence is also observed for the 2L-

WS2/graphene heterostructure when excited at 1.57 eV as shown in Figure 5.20.  

 

Figure 5.20 The amplitude of the TA signal at 0 ps time delay versus pump fluence for 

the 2L-WS2/graphene heterostructure at area 1. Pump = 1.57 eV, probe = 1.99 eV. 
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On the other hand, direct CT absorption (mechanism 2) should lead to the linear 

power dependence similar to the absorption by WS2 above the bandgap. Therefore, we 

conclude that direct CT absorption also contributes to the observed TA signal in the 1L-

WS2/graphene and 2L-WS2/graphene heterostructures when excited below the bandgap. 

We note that the WSe2 structures in the graphene/WSe2 heterostructures studied by 

Massicotte et al255 are multilayer (3 to more than 100 layers), and the contribution from 

interlayer CT absorption to the photocurrent should be much weaker than in the 

heterostructures based on the single-layer WS2 investigated here. This is because the 

oscillator strength of the CT transitions decreases as the thickness of the TMDC increases, 

as the additional layers screen the electron-hole interaction in the CT states.257-258 The 

decreased exciton oscillator strength as the dielectric constant increases has been observed 

in single-walled carbon nanotubes.257 
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Figure 5.21 Normalized transient dynamics of the 1L-WS2/graphene heterostructure at 

area 3 and the 2L-WS2/graphene heterostructure at area 1. Pump photon energy is 1.57 

eV and probe photon energy is 1.99 eV. Solid lines are fits with a single exponential 

decay function convoluted with the experimental response function. 

 

Both hot carrier injection and direct CT absorption mechanisms can lead to a 

charge-separated state, where the electron (hole) resides in the WS2 and the hole (electron) 

remains on the graphene layer. Consequently, the bleaching of A-exciton transition results 

from Pauli blocking and/or bandgap renormalization in WS2.148 The dynamics of charge 

generation and recombination has been measured following the 1.57-eV pump excitation 

(Figure 5.21). For mechanism 1, a rise time is expected corresponding to hot carrier transfer 

from graphene. In contrast, direct excitation of the CT transitions should lead to an 

instantaneous rise of the TA signal. The TA signal rise is instantaneous within a pulse 

width of ~300 fs for both the 1L-WS2/graphene and 2L-WS2/graphene heterostructures 

(Figure 5.21), probably due to the fact that the time resolution of our experiments is not 

sufficient to resolve hot carrier injection from graphene. In the 1L-WS2/graphene 
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heterostructure, the recombination of the electrons and holes at the interface is 0.78 ± 0.04 

ps, which is shorter than that of 1.30 ± 0.03 ps in the 2L-WS2/graphene heterostructure. 

The faster recombination in the 1L-WS2/graphene heterostructure suggests that the 

interfacial charge-separated states are dependent on the detailed electronic coupling at 

interfaces.52 The interfacial electron-hole interaction strength decreases as the thickness of 

TMDC increases because the additional layers screen the interaction.257-258 For the charge-

separated states, the spatial indirect nature (that is, electrons and holes reside in different 

layers) should dictate the recombination process. The indirect intralayer exciton band 

structure of 2L-WS2 probably does not play an important role in determining the lifetime 

of interfacial charge recombination. 

5.4.6 First-principles calculation of interlayer charge transfer transitions 

 

Figure 5.22 Band structure of the heterostructure. (A) Commensurate model of a 5 × 5 

graphene/4 × 4 WS2 supercell (at the PBE level) and (B) incommensurate model of 

corresponding perfect unit cells (as in a single layer) of each component (at the 

HSE06/SOC level) along the Γ-K direction. The red arrows indicate interlayer transitions. 

 

To identify possible interlayer CT transitions, we performed band structure 

calculation for the 1L-WS2/graphene heterostructure from first principles using density 

functional theory (DFT). We considered two models, the commensurate and 
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incommensurate. In the first model, we take a 4 × 4 WS2 and a 5 × 5 graphene supercell, 

because the lattice vectors of these two cells have a mismatch of only 2.3%. We then 

average both lattice vectors so that 4 × 4 WS2 and 5 × 5 graphene supercell sizes match 

exactly. This results in small stretching of the WS2 monolayer and compression of the 

graphene layer. The corresponding band structure (Figure 5.22(a)) is an almost perfect 

superposition of the two individual band structures of graphene and WS2, that is, the band 

edges of both systems are kept almost unaffected by one another, and we can determine 

the band shift of the WS2 with respect to graphene: Conduction band of WS2 is situated at 

about 1 eV above the Dirac point of graphene. Note that the Dirac point might not be the 

most precise in the present context, because there is a small band gap (~11 meV) opening 

in the heterostructure. 

Because the lattices in the actual heterostructures are not aligned, we next consider 

an incommensurate model to account for a large lattice mismatch of ~22% (lattice constant 

of graphene is 2.46 Å and that of WS2 is 3.15 Å). Although this first-principles calculation 

is not computationally feasible at present, we calculated the separate perfect monolayers 

and plotted their band structure as an overlap, with the shift of the band edges calculated 

in the previous step. The result for the Γ-K direction is shown in Figure 5.22(b). Because 

of the lattice mismatch, the Brillouin zones are also shifted with respect to each other. 

Therefore, the K points do not overlap in every cell, in contrast to the commensurate model. 

As shown in Figure 5.22(b), additional interlayer excitations exist in the incommensurate 

lattices, which allow the excited electrons from graphene to WS2 or holes from WS2 to 

graphene that could enhance carrier generation. However, the interlayer excitations are not 

observed for the other direction along the Γ-M path (see Figure 5.23). 
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Figure 5.23 Band structure of the incommensurate model of the perfect unit cells 

calculated along the Γ-M directions (at the HSE06/SOC level). No additional transitions 

between graphene and WS2 are expected in comparison with the Γ-K directions shown in 

Figure 5.22. 

 

The interlayer CT transitions below the bandgap of WS2 are identified in Figure 

5.22(b). There is a transition of electron from the K point of graphene to the K point of 

WS2 at 1.04 eV, a transition from the K point of graphene to the conduction band of WS2 

near the Γ point with an energy of 1.22 eV, and a transition at 1.54 eV from the K point of 

graphene to between the Γ and K point of WS2. Note that inherent errors of DFT neglect 

exciton binding energy and may introduce a constant energy shift of the conduction band. 

According to high-level calculations on a single-layer WS2, the error in predicting the 

transition energies should be no more than 0.5 eV.259 In addition, the graphene layer is p-

doped with a Fermi level shifted by ~0.17 eV, as determined by Raman spectroscopy 

(Figure. 5.24). Taking these two effects into account, the predicted transition energies are 

consistent with the absorption band of 1.2 to 1.8 eV, as shown in Figure 5.16. On the basis 

of the agreement, we assign the interlayer transitions observed to electrons from the 

valence bands of graphene that are promoted to the conduction bands of WS2. We cannot 
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entirely rule out the transitions prompting holes from WS2 to graphene, and they probably 

also contribute. Note that our model in Figure 5.22(b) is incomplete, and it reflects only 

one WS2/graphene rotation angle (with matching lattice orientations). Therefore, the 

intensities of the interlayer excitations may be dependent on the mutual rotation of the 

layers. However, the CT transition energies should still fall within the same range of 1 to 

2 eV regardless of the rotation angle, because the band structure of the heterostructure is 

almost perfectly the superposition of that of graphene and WS2. Further, because of a large 

lattice mismatch of ~22% and the polycrystalline nature of the CVD graphene, many 

rotation angles likely coexist in the heterostructures measured experimentally. Therefore, 

the measured CT transition energies are probably the average of many rotation angles. 

 

Figure. 5.24 Raman spectra of the 1L-WS2/graphene heterostructure and the Fermi level 

shift of graphene. No obvious change in the position of G peak (~1586 cm-1) in the two 

regions, whereas there is a blue shift of the 2D peak (~15 cm-1) for the graphene layer on 

WS2. By analyzing the correlation of the two peaks, we estimate a p-doping density of 

2×1012 cm-2 in graphene on 1L-WS2 corresponding to a Fermi level shift of 0.17 eV. 

Spectra are shifted vertically for clarity. 
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5.4.7 Enhanced carrier generation by excitation above the bandgap 

 

Figure 5.25 Correlated (a) transmission and (b) reflection images of the same 1L-

WS2/graphene heterostructure on a transparent sapphire substrate. Scale bars: 200 nm. 

 

To directly measure the interlayer coupling–dependent absorption at 3.14 eV, we 

imaged correlated transmission and reflection of 1L-WS2/graphene on a transparent 

sapphire substrate as shown in Figure 5.25. The linear absorption is deduced using 

approaches described in Experiential Methods. The linear absorption and correlated TAM 

image are shown in Figure 5.26. Both linear absorption and transient absorption are 

increased at a strong-coupling location. Having graphene on top leads to static bandgap 

renormalization of WS2 and reduces the exciton binding energy133, 250. It is possible that 
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the increased linear absorption is due to static screening from graphene that modifies the 

absorption of WS2 instead of the absorption by the CT transitions. However, the absorption 

at 3.14 eV is not near any exciton resonances, and therefore, the change in the absorption 

due to static screening from graphene should not be significant. Although linear absorption 

increased by ~25% at a strong-coupling location compared to a weak-coupling location 

(Figure 5.26 (a)), the TA signal intensity at the same location is increased by ~70% (Figure 

5.26 (b)), indicating that the increased absorption accounts partially for the increased TA 

intensity. The linear absorption and the TA images do not look exactly the same, probably 

due to the higher spatial resolution of TAM being a two-photon technique260 or interlayer 

(WS2 and graphene) orientation. 
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Figure 5.26 Zoomed-in linear absorption (a) and correlated TAM image (D) of the 1L-

WS2/G heterostructure on a transparent sapphire substrate. The TAM image is measured 

at 0 ps (pump, 3.14 eV; probe, 1.99 eV). Scale bars, 200 nm. 

 

5.4.8 Potential to extract carriers generated by the charge transfer states 

The lifetime of the charge-separated states at the graphene-WS2 interface has been 

measured to be ~1 ps (Figure 5.21). Although the charge-separated states live relatively 

short, the high carrier mobility of graphene on WS2 makes it very promising to harvest 

these charge carriers. For instance, electron mobility of 38,000 cm2V−1 s−1 at room 

temperature has been measured for graphene on the WS2 substrate261, similar to that of 

graphene on hexagonal boron nitride. Ultrafast carrier extraction from graphene in as short 
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as 50 fs has been demonstrated262; therefore, the 1-ps lifetime should be sufficiently long. 

Although our measurements do not directly measure the electron-hole binding energy at 

the interface, successful charge extraction has been confirmed in graphene/WS2 

photodetector devices209, 253, which is probably facilitated by a built-in field at the interface. 

Therefore, the binding energy of these interlayer states can be overcome to achieve 

extraction. 

5.5 Conclusion 

In summary, ultrafast microscopy in combination with first-principles calculation 

provides a comprehensive picture of carrier generation resulting from interlayer coupling 

inWS2-graphene heterostructures. Interlayer CT transitions and hot carrier injection 

promote electrons from graphene to WS2, allowing carrier generation by excitation of CT 

transitions below the WS2 bandgap and leading to enhancement in photocarrier generation 

by visible optical excitation. The CT transition energies predicted by first-principles 

calculations have been verified by experimental measurements. Broadband enhancement 

in carrier generation is highly attractive for photovoltaic applications of heterostructures 

based on graphene and 2D semiconductors. 
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 CHARGE TRANSFER EXCITON FORMATION 

AND TRANSPORT IN TWO-DIMENSIONAL WS2-TETRACENE 

HETEROSTRUCTURES 

This chapter is adapted with permission from Tong Zhu, Long Yuan, Yan Zhao, Yan Wan, Jianguo Mei, 

Libai Huang, Science Advance, 2018, 4, eaao3104. 

6.1 Abstract 

Charge-transfer (CT) excitons at hetero-interfaces play a critical role in light to 

electricity conversion using organic and nanostructured materials. However, how CT 

excitons migrate at these interfaces is poorly understood. Here we investigate the formation 

and transport of CT excitons in two-dimensional (2D) WS2-tetracene van der Waals (vdW) 

heterostructures employing ultrafast spectroscopy and microscopy. Electron and hole 

transfer occur on the timescale of a few picoseconds and emission of interlayer CT excitons 

with a binding energy of ~ 0.3 eV has been observed. Transport of the CT excitons is 

directly measured by transient absorption microscopy (TAM), revealing coexistence of 

delocalized and localized states. Trapping-detrapping dynamics between the delocalized 

and localized states leads to stretched-exponential PL decay with an average lifetime of ~ 

2 ns. The delocalized CT excitons are remarkably mobile with a diffusion constant of ~ 1 

cm2s-1. These highly mobile CT excitons could have important implications in overcoming 

large interfacial binding energy to achieve charge separation.  

6.2 Background 

6.2.1 Charge transfer in van der Waals heterostructures 

Charge transfer and separation at hetero-interfaces play a key role in determining 

the efficiency of light to electricity conversion using organic and nanostructured materials52, 
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263-266. In these systems, charge separation occurs as an exciton created in one material is 

dissociated into a spatially separated electron-hole (e-h) pair across the material interface. 

Semiconducting transition metal dichalcogenides (TMDCs) are versatile building blocks 

for fabricating two-dimensional (2D) van der Waals (vdW) heterostructures with 

atomically thin and sharp interfaces, allowing for applications such as photovoltaics and 

photodetectors13-14, 53, 59-60, 67, 125, 210, 267-268. Molecular and polymeric semiconductors can 

also be integrated with 2D TMDCs to form vdW heterostructures68, 112-113, 116-117, 269-272, and 

charge generation at organic-TMDC interfaces has been recently demonstrated116.   

Charge transfer at the interface of TMDC heterostructures has been found to be 

extremely rapid, as short as 50 fs73, 81-84, 87, 112. However, due to the inefficient screening of 

the interfacial Coulomb potential, the spatially separated e-h pair are not free but bound 

with energy on the order of 200 meV80, leading to the formation of charge-transfer (CT) 

excitons also known as interlayer excitons in TMDC heterostructures (such as 

MoS2/WS2)73, 93, 99, 101, 221. When incorporated with molecular semiconductors, the nature 

of the interfacial CT states following charge transfer events remains elusive at the 2D 

organic-TMDC interfaces. While CT excitons have been inferred in recent studies112, 116, 

no direct experimental evidence has been provided.  

6.2.2 Charge transfer exciton transport 

CT exciton diffusion has been proposed as a mechanism for the electrons and holes 

to escape the large interfacial Coulomb potential (on the order of hundreds of meV) to 

achieve charge separation273. However, the CT states so far have been mostly studied in 

largely disordered systems such as organic solar cells263, 273-275, where measurements are 

averaged over many different kinds of interfaces making it difficult to obtain the upper 
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limit of CT exciton transport. To overcome this difficulty, we use heterostructures that 

integrate exfoliated WS2 layers with tetracene thin film as a model system with 2D 

crystalline organic-inorganic interfaces273. Another challenge is that direct measurements 

of CT exciton transport require quantitative information in both spatial and temporal 

domains. Recent photoluminescence (PL) microscopy measurements have revealed that 

CT excitons move 5–10 nm in space at disordered organic-organic interfaces273. However, 

a drawback for PL based techniques is that only emissive species are investigated while 

many of the CT states are optically dark.  

To address this challenge, we employ transient absorption microscopy (TAM) that 

is capable of imaging both bright and dark excitons with ~ 200 fs temporal resolution and 

~ 50 nm spatial precision276-277. The measurements on WS2/tetracene heterostructures 

presented here reveal highly mobile CT excitons at 2D organic-TMDC interfaces with a 

diffusion constant of ~ 1 cm2s-1, which could be an important factor in achieving efficient 

charge separation 

6.3 Experiential Methods 

6.3.1 Sample preparation  

WS2 flakes of different thickness are obtained by mechanically exfoliating from 

bulk WS2 onto Si/SiO2 substrate. Numbers of WS2 layers are identified by 

photoluminescence microscopy10, 195. Tetracene (Tc) thin film is deposited onto WS2 flakes 

by the physical vapor deposition method. Briefly, Tetracene thin film was deposited by 

thermal evaporation in the glove box at a deposition rate of 2 nm/s under high vacuum (< 

7 × 10-4 Pa). The substrate temperature was kept at 290 K. The Tc film thickness of ~20 

nm is identified by Atomic Force Microscopy (AFM) measurements WS2 flakes from 1 to 
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7 layers have been exfoliated and integrated with Tc thin film to fabricate the 

heterostructures.  

 

Figure 6.1 Identification of numbers of WS2 layers using photoluminescence 

spectroscopy. PL spectrum of WS2 from 1L to 7L is shown from bottom to top. 

6.3.2 Atomic force microscopy  

 

Figure 6.2 AFM line profile of the Tc film thickness. 
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AFM measurements were performed under ambient conditions using a Veeco 

Dimension 3100 AFM instrument in the tapping mode 

6.4 Results and discussion 

6.4.1 Charge transfer excitons emission and dynamics 

Figure 6.3 shows the construction of a heterostructure from a single-layer WS2 (1L-

WS2) and a tetracene (Tc) thin film. The optical image of the exfoliated 1L-WS2 flake 

before the Tc deposition is shown in Figure 6.3 (a). Polycrystalline Tc thin film is deposited 

onto the WS2 flakes by physical vapor deposition, as detailed in the Experiential Methods. 

A film thickness of ~20 nm is determined using atomic force microscopy (AFM) (Figure 

6.3 (b) and Figure 6.2). The Tc molecules are likely to pack edge-on in the herringbone 

structure on WS2
278, as schematically shown in Figure 6.3 (c) (29). The absorption and PL 

spectrum of Tc film and 1L-WS2 are shown in Figure 6.4.    
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Figure 6.3 (a) Optical image of WS2 flakes exfoliated on Si/SiO2 substrate. The 1L-WS2 

is indicated by the dashed line. The dashed square shows the area imaged by AFM in (b). 

Scale bar represents 10 µm. (b) AFM image of the same 1L-WS2 flake in (a) with a Tc 

thin film deposited on top. Scale bar represents 5µm. (c) Schematic of the formation of 

CT excitons and the band alignment of the 1L-WS2/Tc heterostructure, showing the 

formation of a type II heterojunction. 
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Figure 6.4 Absorption and PL spectrum of Tc film and 1L-WS2. 

 

Figure 6.5 compares the steady-state PL spectra from the 1L-WS2/Tc 

heterostructure, a Tc-only region of the film, and the 1L-WS2 before deposition of Tc, with 

photoexcitation at 2.8 eV exciting both the 1LWS2 and the Tc film. The 1L-WS2 shows an 

emission peak near 2.0 eV corresponding to the direct interband recombination of the A 

exciton10. An additional low-energy emission peak at 1.7 eV from the heterostructure is 

observed in addition to the emission of the A exciton of WS2 and the singlet exciton of Tc. 

We have confirmed this low-energy emission peak in all the 1L-WS2/Tc heterostructures 

fabricated. The intensity of the low-energy emission could vary significantly from sample 

to sample, probably due to the variations in morphology of different samples.  
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Figure 6.5 Steady-state PL spectra of a 1L-WS2, Tc thin film, and a 1L WS2/Tc 

heterostructure. The new emission band at 1.7 eV indicates the formation of interlayer 

CT excitons. 
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Figure 6.6 Photoluminescence excitation (PLE) measurements monitoring CT exciton 

emission at 1.7 eV. 

 

The 1L-WS2 and the Tc molecules form a type II heterojunction, as schematically 

shown in Figure 6.3 (c). The conduction band minimum (−3.4 eV)120 of the 1L-WS2 lies 

lower than the lowest unoccupied molecular orbital level (−2.4 eV)121 of Tc molecules 

allowing electron transfer from Tc to WS2, whereas the valence band maximum (VBM; 

−5.8 eV)120 of WS2 is located lower than the highest occupied molecular orbital (HOMO) 

level of Tc (−5.4 eV)121, facilitating hole transfer from WS2 to Tc. On the basis of the band 

alignment, we attribute the emission band at 1.7 eV to interlayer CT excitons where the 

electrons and the holes reside on the 1L-WS2 and the Tc film, respectively (Figure 6.3 (c)). 

We have also carried out PL excitation (PLE) measurements confirming the excitation of 

the A exciton in WS2 leads to CT exciton emission (Figure 6.6). From the energy level 
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alignment and 1.7-eV emission energy, the binding energy for the CT excitons is estimated 

to be ~0.3 eV, assuming that the energy levels do not change significantly at the interfaces. 

This binding energy is slightly larger than that of ~0.2 eV for the CT excitons in 

MoSe2/WSe2 heterostructures80, 82, which can be explained by the lower dielectric constant 

of the Tc thin film (ε~5) in comparison to that for MoSe2 (ε~15) and WSe2
52, leading to 

less efficient screening of the Coulomb potential. 

 

Figure 6.7 (a) PL spectra of a 1L-WS2/Tc heterostructure, a 3L-WS2/Tc heterostructure, 

and a Tc thin film with excitation energy of 2.1 eV and 700-nm long-pass filter 

selectively exciting WS2 in the heterostructures and detecting only interlayer CT exciton 

emission. (b) Time-resolved PL measurements on the interlayer CT exciton in a 1L-

WS2/Tc heterostructure, a Tc film, and a 1L-WS2 flake. The CT exciton PL decay is 

fitted with a stretched exponential function, as described in the main text. 

 

We monitor the CT exciton emission with photoexcitation energy below the Tc 

bandgap at 2.1 eV exciting only WS2 to eliminate the background emission from Tc at 

energy similar to the CT excitons. As shown in Figure 6.7 (a), the emission from the 

interlayer CT excitons is broad, indicative of a distribution in CT exciton energy levels. 

The CT excitons exhibit overall much longer PL lifetime than the singlet exciton of the Tc 
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(~100 ps) and the A exciton of WS2 (~500 ps), as expected from the spatial indirect nature 

of the CT excitons (Figure 6.7 (b),).  

 

Figure 6.8 Excitation intensity dependent measurements of PL dynamics of CT exciton 

emission. Excitation photon energy: 2.1 eV. 

 

The PL decay of the CT excitons is not a single exponential but only can be fitted 

with a stretched-exponential function: 

                                                               𝐼(𝑡) = 𝐼0𝑒
−(

𝑡

𝜏
)𝛽

                                                    (1) 

where 𝜏 = 0.97 ± 0.1  ns and 𝛽 = 0.48 ± 0.01 is the stretching exponent. The 

need for a stretched-exponential fit is due to a superposition of many exponentials with 

different decay time constants τj  that probably arises from multiple configurations of the 

CT excitons279-280. The dispersion of the decay time constant is described by 𝛽 (0 < 𝛽 <

1), where the smaller the 𝛽 value, the broader the distribution of τj. The average exciton 
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lifetimeis 〈𝜏𝑗〉 given as (
𝜏

𝛽
) Γ (

1

𝛽
) = 2.1 ns, where Γ represents Gamma funtion . We have 

carried out excitation intensity–dependent measurements that show negligible variations in 

dynamics with fluences ranging from 1.25 to 125 µJcm-2 (Figure 6.8), indicating that 

exciton-exciton annihilation processes do not play an important role here. 

6.4.2 Hole transfer from WS2 to Tc 

 

Figure 6.9 (a) Transient absorption dynamics probed at the A exciton bleach of the 1L-

WS2 before and after Tc deposition with pump energy of 2.1 eV (pump fluence: 50 

µJ/cm2). Red solid lines are fittings with a bi-exponential function convoluted with an 

experimental response function. Inset of band alignment shows the hole transfer process 

the 1L-WS2/Tc heterostructure. (b) Transient absorption dynamics probed at the A 

exciton bleach of 2L-WS2 before and after Tc deposition with pump energy of 2.1 eV, 

showing no hole transfer in the 2L-WS2/Tc heterostructure. 

 

We excite the 1L-WS2/Tc heterostructure with a pump photon energy of 2.1 eV that 

is below the absorption edge of Tc (Figure 6.4) to selectively investigate hole transfer from 

WS2 to Tc. The dynamics of the same 1L-WS2 flake is probed at the A exciton bleach (2.0 

eV) before and after Tc deposition (Figure 6.9 (a)). On the time scale of a few picoseconds, 

the dynamics become faster after the deposition of Tc, which can be explained by the 

additional hole-transfer pathway from WS2 to Tc in the heterostructure. The dynamics 
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before Tc deposition can be fitted with a biexponential decay function (Figure 6.9 (a)), and 

hole transfer is competing with the fast decay component on the picosecond time scale. We 

can extract the hole-transfer rate by subtracting the fast decay rate before Tc deposition 

from that of after Tc deposition and obtain a hole transfer time constant of 3.2 ± 0.5 ps. 

This hole-transfer time is consistent with recent measurements at pentacene/MoS2 

interfaces112. 

 

Figure 6.10 TAM Dynamics of 4L, 5L, and 7L-WS2 before and after Tc deposition. TAM 

dynamics of 4L (a), 5L (b) and 7L-WS2 (c) before (blue) and after (green) Tc deposition 

showing no hole transfer in the heterostructures built by thick WS2 flakes and Tc film. 

(2.1 eV pump and 2.0 eV probe). 

 

To investigate driving force for dissociating the A exciton in WS2, we perform 

measurements on WS2/Tc heterostructures constructed with a different thickness ranging 

from l layer to 7 layers (7L-WS2). The interlayer CT exciton emission disappears as the 

thickness of the WS2 increases to two layers or thicker (Fig.2A). There is also no obvious 

difference in the WS2 transient absorption dynamics after Tc deposition (Figure 6.9 (b) for 

2L-WS2 and Figure 6.10 for 4L-WS2, 5L-WS2, and 7L-WS2), implying that hole transfer 

does not occur, which explains the absence of the CT exciton in these heterostructures. 

This thickness dependence confirms that the below-bandgap emission is from CT excitons 

and not from defects or other origins. 



137 

 

In order for hole transfer to occur, the offset between the VBM of WS2 and the 

HOMO of the Tc molecules that provides the driving force281 for A exciton dissociation 

has to be greater or similar to the A exciton binding energy of ~0.4 eV42. This requirement 

is satisfied in 1L-WS2/Tc heterostructures. However, as thickness increases to 2L-WS2, the 

VBM energy level increases120, and energy offset decreases to ~0.2 eV. The fact that hole 

transfer is not observed in the heterostructures constructed with 2L-WS2 or thicker 

indicates that the energy offset between the VBM of WS2 and the HOMO of Tc is not large 

enough to drive the dissociation of the A exciton in WS2, and hence, the CT excitons do 

not form. 

6.4.3 Electron versus energy transfer from Tc to WS2 

 

Figure 6.11 (a) 1L-WS2 dynamics before and after Tc deposition. (b) 2L-WS2 dynamics 

before and after Tc deposition. Pump = 3.1 eV (pump fluence: 2.2 µJcm-2), probe = 2.0 

eV. 

 

Next, we use a pump photon energy of 3.1 eV to investigate electron and energy 

transfer dynamics from Tc to WS2. Under this condition, excitons are generated in both 

WS2 and Tc. Because the singlet exciton emission of Tc overlaps with the absorption 

spectrum of WS2 (Figure 6.4), Förster-type resonance energy transfer from Tc to WS2 is 
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also possible. Dynamics probed at the A exciton resonance (2.0 eV) in WS2 before and 

after Tc deposition are shown in Figure 6.11. (a and b) for the 1L-WS2/Tc and 2L-WS2/Tc 

heterostructures, respectively. Note that measurements on Tc-only regions under the same 

experimental conditions show no detectable transient absorption signal when probing at 

2.0 eV. Dynamics probed at the A exciton resonance become slower in the 1L-WS2/Tc 

heterostructure than in the control 1L-WS2 (Figure 6.11. (a)), which is the opposite from 

when only 1L-WS2 is excited (Figure 6.9 (a))). The slower decay in the heterostructure 

could be due to either energy transfer or electron transfer from Tc to WS2. We follow the 

procedure of Rowland et al.282 to subtract the dynamics of the control 1L-WS2 from that of 

the 1L-WS2/Tc heterostructure (Figure 6.12), and a rise time of 2.1 ± 0.2 ps is obtained, 

which might contain contributions from both electron and energy transfer. 
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Figure 6.12 Subtraction of 1L-WS2 dynamics from 1L-WS2/Tc dynamics fitted with an 

exponential growth function with a time constant of 2.1± 0.2 ps and subtraction of 2L 

WS2 dynamics from 2L-WS2/Tc dynamics yielding a rise time constant of 44 ± 5 ps. 

 

To separate the contribution from energy transfer, we examine dynamics in 

heterostructures constructed with 2L-WS2 (Figure 6.12) and thicker (Figure 6.13). In these 

heterostructures, type I instead of type II heterojunctions are formed because hole transfer 

from WS2 is blocked, and only exciton energy transfer is possible. After the deposition of 

Tc, the dynamics probed at the A exciton resonance become slower in these 

heterostructures when the Tc molecules are excited because of energy transfer. By 

subtracting the dynamics of the control 2L-WS2 from that of the 2L-WS2/Tc 

heterostructure, we obtain a rise time constant of 44 ± 5 ps corresponding to the energy 

transfer time from Tc to 2L-WS2 (Figure 6.12). Energy transfer rates have been measured 
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as a function of the thickness of WS2, ranging from 2L to 7L, as plotted in Figure 6.14. 

Energy transfer rate decreases as the thickness of WS2 increases, which is consistent with 

the recent reports on energy transfer between quantum dots and MoS2
258, 283-284. This 

thickness dependence arises from the decreased electric field strength of the top layer WS2 

as thickness increases due to enhanced dielectric screening258, 283.  

We fit the WS2 thickness–dependent energy transfer rate by using the 

electromagnetic model developed by Raja et al258. Briefly, the energy transfer rate Γ𝐸𝑇 as 

a function of the number of layers of WS2 (𝑑) is written as:   

                                                     Γ𝐸𝑇 ≈ 𝐴𝜂′′
1+|𝜂|2𝑒−2𝐶𝑑

1−2Re|𝜂2|𝑒−2𝐶𝑑+|𝜂|4𝑒−4𝐶𝑑
                                (2) 

where A and C are constants and are obtained from fitting, 𝜂, 𝜂′  and 𝜂′′are related to 

dielectric constant of WS2 (휀), and are given as,  𝜂 = 𝜂′ + 𝑖𝜂′′, 𝜂 =
| |2−1+2𝑖 ′′

| |2+2 ′+1
, and 휀 =

휀′ + 𝑖휀′′. By using values of the real part (휀′ = 16.2) and the imaginary part (휀′′ = 6.4) of 

WS2 dielectric constant285, the dependence of energy transfer rate on WS2 thickness from 

2L to 7L was fitted to extrapolate energy transfer rate from Tc to 1L-WS2. 
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Figure 6.13 Energy transfer from Tc to WS2 measured with TAM (3.1 eV pump and 2.0 

eV probe). (a) Transient dynamics of 3L-7L WS2 before (blue) and after (green) Tc 

deposition. (b) Subtraction of WS2 dynamics from WS2/Tc dynamics yielding rising 

curves fitted with an exponential function for each WS2 thickness, indicating energy 

transfer time constants. 

 

Using this model, a time constant of 37 ps is extrapolated for energy transfer from 

Tc to 1L-WS2. Because this energy transfer time is more than one order of magnitude 

slower than the 2.1 ± 0.2 ps rise-time, we conclude that electron transfer instead of energy 

transfer dominates the dynamics in the 1L-WS2/Tc heterostructure. The electron transfer 
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time can be obtained by subtracting the energy transfer contribution from the rise-time, 

1
1

2.1𝑝𝑠
−

1

37𝑝𝑠

= 2.2 𝑝𝑠 . Transient absorption dynamics of the 1L-WS2/Tc heterostructure 

probed at the A exciton resonance show an additional slow decay with a characteristic time 

> 1 ns (limited by the time window of the measurements) as shown in Figure 6.11 (a), 

which is attributed to the recombination of the interlayer CT excitons. 

 

Figure 6.14 Energy transfer rate dependence on numbers of WS2 layers fitted to the 

electromagnetic model as described in the main text. 

 

Figure 6.15 summarizes the charge and energy transfer in WS2/Tc heterostructures. 

For 1L-WS2/Tc, due to type II band alignment, both electron and energy transfer are 

allowed after photo-excitation. In heterostructures constructed with 2L and thicker WS2, 
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only exciton energy transfer is possible due to the type I band alignment. The energy 

transfer rate is reduced as thickness increases.  

 

Figure 6.15 Schematic illustration of electron and energy transfer processes. In the 

heterostructures constructed from 2L-WS2 or thicker, type I heterojunctions are formed 

and only exciton energy transfer is possible. 

 

6.4.4 Transport of the delocalized and localized CT excitons 

A possible mechanism leading to the stretched-exponential behavior of the CT 

exciton PL decay as shown in Figure 6.7 (b) is trapping and detrapping dynamics between 

delocalized and localized states279. This mechanism known as multiple trapping-detrapping 

has successfully explained the stretched-exponential PL decay observed in porous 
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silicon286. In WS2/tetracene heterostructure, since CT exciton binding energy 𝐸𝐵  is 

inversely proportional to the e-h distance, delocalized CT excitons with large e-h distance 

have smaller 𝐸𝐵 and higher energy. When the e-h distance is reduced, the more localized 

CT excitons with lower energies can serve as traps287. There could be certain sites to 

accommodate the lower-energy and more localized states where emission is more likely to 

occur273. PL dynamics of the CT excitons are controlled by the competition between the 

diffusion to these sites and the detrapping of the exciton from these sites286. The density 

and spatial distribution of the low-energy sites determine the dispersion of CT exciton 

lifetime and hence the value of β in Equation. 1287. 

To validate the mechanism proposed, we image the transport of CT excitons 

directly with TAM by mapping population in both the spatial and temporal domains276. The 

pump beam is held at a fixed position, whereas the probe beam is scanned relative to the 

pump with a pair of galvanometer scanners to obtain the exciton distribution at a given 

pump-probe delay time. The pump-induced change in probe reflectance ∆𝑅 =

𝑅𝑝𝑢𝑚𝑝−𝑜𝑛 − 𝑅𝑝𝑢𝑚𝑝−𝑜𝑓𝑓 is collected. The pump energy is 3.1 eV exciting both WS2 and Tc, 

and the probe energy is 2.0 eV probing WS2. At zero delay time, the TAM results reflect 

the initial population created by the pump beam, and at later delay time, the TAM images 

directly visualize how excitons transport out of the initial volume. We have also carried out 

exciton transport experiments on a control 1L-WS2 flake. 
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Figure 6.16 (a) Exciton population profiles fitted with Gaussian functions at different 

delay times with the maximum ∆T signal normalized to unity for the control 1L-WS2. 

The pump photon energy is 3.1 eV (pump fluence: 4.4 µJ/cm2) and the probe energy is 

2.0 eV. (b) 𝜎𝑡
2 − 𝜎0

2 as a function of pump-probe delay time, with a linear fit to equation 

3 (line) for the control 1L-WS2. Error bars of 𝜎𝑡
2 − 𝜎0

2 are the standard errors estimated 

from Gaussian fitting to the spatial intensity distributions. 

 

In one dimension (1D), the initial population n (x, 0) follows Gaussian distribution 

as created by a Gaussian pump beam of 3.1 eV at position (x0) with a variance of 𝜎0
2 and is 

given by, 𝑛(𝑥, 0) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎0
2 ]. Population as a function of space and time can be 
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described by a differential equation that includes both the diffusion out of the initial volume 

and population decay, which is given by: 

                                                              
𝜕𝑛(𝑥,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑛(𝑥,𝑡)

𝜕𝑥2
−

𝑛(𝑥,𝑡)

𝜏
                                 (3) 

where D is the exciton diffusion constant and τ is the exciton lifetime. Solution to equation 

(3) dictates that exciton distribution at any later delay time (t) is also Gaussian and can be 

described as 𝑛(𝑥, 𝑡) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎𝑡
2 ] with a variance of 𝜎𝑡

2. The solution also gives the 

diffusion constant D as,   

                                                                      𝐷 = 
𝜎𝑡
2−𝜎0

2

2𝑡
                                                   (4) 

Using this analysis, the population of the A excitons in the control 1L-WS2 flake at different 

delay times are fitted to Gaussian functions and the diffusion constant is determined to be 

1.7 ± 0.1 cm2s-1 (Figures 6.16 (a) and 6.16 (b)).   

 

Figure 6.17 TAM image of the same 1L-WS2/Tc heterostructure shown in Figure 1 taken 

with spatially overlapped pump and probe beams at 0 ps. Scale bar represents 2 µm. The 

pump energy is 3.1 eV (pump fluence: 4.4 µJ/cm2) and the probe energy is 2.0 eV. 
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For the 1L-WS2/Tc heterostructure, population profiles at different delay times have 

been taken along the line indicated in Figure 6.17 with a pump fluence 4.4 µJ/cm2. Sums 

of at least two Gaussian functions are required to fit the population profile at a given pump-

probe delay time (Figures 6.18 and 6.19 ), as given by 𝑛(𝑥, 𝑡) = 𝑁1𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎1,𝑡
2 ] +

𝑁2𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎2,𝑡
2 ] , implying there are at least two populations migrating with different 

diffusion constants. The extracted 𝜎1,𝑡
2  and 𝜎2,𝑡

2   are plotted as a function of pump-probe 

delay time in Fig. 4E. Very rapid diffusion is observed before 100 ps, possibly due to the 

transport of the free electrons in the 1L-WS2 dissociated from the hot CT exciton states 

created by the 3.1 eV pump that has 1.4 eV excess energy263.  
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Figure 6.18 Exciton population profile at 1 ns delay fitted with a single Gaussian function 

(a) and a sum of two Gaussian functions (b) as described in the main text for the 1L-

WS2/Tc heterostructure. The pump photon energy is 3.1 eV (pump fluence: 4.4 μJ/cm2) 

and the probe energy is 2.0 eV. (c) Exciton population profiles fitted with a sum of two 

Gaussian functions as described in the text at different delay times with the maximum ∆R 

signal normalized to unity for the 1L-WS2/Tc heterostructure along the line indicated in 

Figure 6.17. 

 

We focus on timescale > 100 ps where the intralayer A excitons in the 1L-WS2 have 

mostly decayed (Figure. 6.11 (a)). The long-lived transient absorption signal in the 

heterostructures reflects the CT exciton population because the formation of  CT excitons 

leaves the electronic states occupied in WS2 and results in the long-lived bleaching of A exciton 

transition. A diffusion constant D1=1.0 ± 0.1 cm2s-1 is obtained in the heterostructure for delay 
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time > 100 ps by fitting the time dependence of 𝜎1
2 , corresponding to the fast moving 

population with 𝑁1 = 0.4. The diffusion constant for the slow moving population (𝑁2 = 0.6) 

is more than one order of magnitude slower, D2 = 0.04 ± 0.01 cm2s-1.  

 

Figure 6.19 σ1,t
2 − σ0

2 and σ2,t
2 − σ0

2 as a function of pump-probe delay time, with a linear 

fit to equation 3 (line) for the 1L-WS2/Tc heterostructure. 
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Figure 6.20 Transient absorption dynamics of a 1L-WS2/Tc heterostructure measured at 

different pump fluences. Pump = 3.1 eV, probe = 2.0 eV. 

 

To correctly measure exciton transport, it is important to account for exciton-

exciton annihilation processes. Because the exciton density at the center of the spot is 

higher than the edge, exciton-exciton annihilation could lead to artificially broadening of 

𝜎. We have carried out pump intensity dependent dynamics and transport measurements to 

rule out the interference from exciton-exciton annihilation. Transient absorption dynamics 

measured at pump fluences from 2.2 to 20.6 µJcm-2 exhibit essentially the same decay 

(Figure 6.20). TAM measurements at two higher pump fluences of 10.0 µJcm-2 and 20.6 

µJcm-2 show similar bi-population diffusion behavior (Figure 6.21). These measurements 

yield almost identical diffusion constants as those measured at 4.4 µJcm-2, with D1=1.0 ± 

0.1 cm2s-1 and D2 = 0.04 ± 0.01 cm2s-1 for pump fluence at 10.0 µJcm-2 (Figure 6.20 (a)) 

and D1= 0.9 ± 0.1 cm2s-1 and D2= 0.03 ± 0.02 cm2s-1 for pump fluence at 20.6 µJcm-2 

(Figure 6.20 (b)), respectively. The lack of pump intensity dependence implies that exciton-
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exciton annihilation processes do not contribute to the two diffusion constants measured. 

It has been established that exciton-exciton annihilation176, 195 threshold in single layer 

TMDCs is as low as nJ cm-2. However, the key difference in the 1L-WS2/Tc 

heterostructures is that charge transfer processes occur at 2-3 ps timescale, much shorter 

than exciton-exciton annihilation time of hundreds of ps in monolayer WS2
195. Therefore, 

the formation of CT excitons outcompetes exciton-exciton annihilation, leading to much 

less pronounced annihilation. 

The fact that there exist at least two CT exciton populations with different diffusion 

constants directly supports the delocalized and localized states proposed to explain the 

stretched exponential PL decay behavior. We attribute the fast-moving population to the 

CT excitons with a large e-h distance. It is likely that the fast-moving population also leads 

to the dissociated free electrons. The slow-moving population is the more localized CT 

excitons trapped at low-energy sites. The energy difference D between the delocalized and 

localized states can be estimated by 
𝑁1

𝑁2
= 𝑒

−
∆

𝑘𝐵𝑇, where 𝑘𝐵 is the Boltzmann constant and 

T is temperature. ∆ has a value of ~ 10 meV < 𝑘𝐵𝑇  at room temperature, allowing for 

detrapping of exciton from the localized states and resulting in the stretched-exponential decay 

behavior.  

A diffusion constant as high as 1 cm2s-1 for CT excitons is remarkable, which indicates 

that the diffusion length, 𝐿 = √𝐷𝜏, is up to ~ 450 nm when using an average lifetime of 2 ns. 

A possible explanation for the extremely mobile CT excitons is that the electron mobility in 

WS2
196 of ~ 50 cm2s-1V-1 is more than one order of magnitude higher than and hole mobility in 

Tc (~ 1 cm2s-1V-1)288. CT exciton transport has been proposed to occur via asynchronous 

electron and hole motion. Because the mobile electrons in the WS2 layer can sample a much 
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larger distance than the holes in Tc, large e-h distances can be achieved. Dimensionality could 

also play an important role in increasing e-h distances as suggested by recent theoretical 

simulations where 2D electron transport increases the dissociation yield of CT excitons by an 

order of magnitude over 1D case275. CT exciton mobility of ~ 10 cm2s-1 has also been reported 

in MoSe2/WSe2 interfaces83. 

 

Figure 6.21 Power-dependence exciton population profiles (a) pump fluence: 10.0 

µJ/cm2. (b) pump fluence: 10.0 µJ/cm2. 𝜎1,𝑡
2 − 𝜎0

2 and 𝜎2,𝑡
2 − 𝜎0

2 as a function of pump-

probe delay time, with linear fits to equation 3 (red lines) for the 1L-WS2/Tc 

heterostructure. 

 

The highly mobile CT excitons at the crystalline 2D organic-inorganic interfaces 

can lead to large e-h distances and facilitate exciton dissociation at interfaces, which could 

have important implications for charge separation in excitonic solar cells. For instance, the 

interfaces between conjugated polymer donors and fullerene acceptors are highly 



153 

 

crystalline at the length scale of a few nanometers in organic solar cells, despite overall the 

system is highly disordered266. The mobile CT excitons at the crystalline nanoscale 

interfaces could sample large distance in short time (10 nm in 1 ps assuming D = 1 cm2s-

1), which could be the key factor for overcoming large CT exciton binding energy to 

achieve efficient charge separation.  

6.5 Conclusion 

In summary, the formation and transport of interlayer CT excitons have been 

elucidated in 2D organic-inorganic vdW heterostructures constructed from WS2 layers and 

tetracene thin films. PL measurements confirm the formation of interlayer excitons with a 

binding energy of ~ 0.3 eV. Electron and hole transfer processes at the interface between 

monolayer WS2 and tetracene thin film are very rapid, with time constants of ~ 2 ps and ~ 

3 ps, respectively. TAM measurements of exciton transport at these 2D interfaces reveal 

coexistence of delocalized and localized CT excitons, with diffusion constant of ~ 1 cm2s-

1 and ~ 0.04 cm2s-1, respectively. The trapping-detrapping dynamics of the delocalized and 

localized states leads to stretch-exponential PL decay. The high mobility of the delocalized 

CT excitons could be the key factor to overcome large CT exciton binding energy in 

achieving efficient charge separation.  
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 CHARGE TRANSFER EXCITON DYNAMICS AND 

TRANSPORT IN TWO-DIMENSIONAL WS2-WSe2 

HETEROSTRUCTURES 

7.1 Abstract 

Interlayer charge-transfer (CT) excitons at hetero-interfaces play a critical role in 

light to electricity conversion using two-dimensional heterostructures. However, how CT 

excitons recombine and migrate at these interfaces is poorly understood. Here we 

investigate the formation, dynamics, and transport of interlayer excitons in CVD grown 

two-dimensional (2D) WS2-WSe2 van der Waals (vdW) heterostructures with different 

stacking orientation (0° and 60°) by combining PL microscopy, ultrafast transient 

absorption microscopy, and first-principle calculations. Our results present that interlayer 

exciton dynamics and transport exhibit stacking orientation dependent behavior. 

Temperature-dependent interlayer exciton dynamics suggests the existence of moiré 

potential which localizes interlayer excitons. Interlayer exciton transport in WS2-WSe2 

heterostructures is much more mobile than intralayer excitons in 1L-WS2 or WSe2. The 

dipole repulsion from interlayer excitons could efficiently screen moiré potential 

fluctuations and facilitates CT exciton transport. We also demonstrate that excess excitation 

energy promotes charge transfer exciton transport by overcoming the moiré potential. Our 

results provide fundamental insights in understanding charge transfer exciton dynamics 

and transport in CVD WS2-WSe2 heterostructures which has important implications in 

optoelectronic applications at the nanoscale limit. 
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7.2 Background 

7.2.1 Charge transfer in two-dimensional van der Waals heterostructures 

Transition metal dichalcogenides (TMDCs) are two-dimensional layered 

semiconductors which hold unique optoelectronic and spintronic properties at the 

nanoscale limit such as indirect to direct band transition7-8, 289-292, extraordinary large 

exciton binding energy42, 45, 80, 132, 270, 293-294, and strong spin-orbit interaction40, 120, 134, 173, 

295-297. Due to the week van der Waals interactions, different TMDCs semiconductors could 

be assembled into two-dimensional heterostructures in which lattice matching and atom 

inter-diffusion conditions are longer required53-54, 56. 2D Van der Waals heterostructures 

with type II band alignment78-80, 259, particularly bilayers of TMDCs (MX2, where M = Mo, 

W; X = S, Se, Te) have open new avenue in exploring emerging exciton physics properties 

and optoelectronic4, 14, 26, 60-61, 63, 298-299, valleytronic23, 101, 105, 300-304, and spintronic 

applications305-307 at the nanoscale limit.  

In a type II van der Waals heterostructure, photo-excited carriers could undergo 

efficient charge separation due to the built-in electric field at the interface. Previous studies 

demonstrated ultrafast charge transfer (≤ 50 fs) across the interface with arbitrary aligned 

orientation81-82, 84-87, 91. After charge separation, electrons and holes are residing into 

different layers to form interlayer charge transfer excitons52, 93, 98-99, 221, 308. Owing to the 

spatially indirect nature, interlayer excitons hold a much longer lifetime than intralayer 

excitons in monolayer TMDCs93-97, 100, 309-311.  

7.2.2 Moiré superlattice 

In 2D van der Waals heterostructures, lattice mismatch or rotational misalignment 

lead to the formation of in-plane moiré superlattice312-313. The moiré pattern has been 
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displayed to have a remarkable effect on the impact on the electronic, optical, and magnetic 

properties of van der Waals heterostructures314-320. According to a recent theoretical study, 

interlayer excitons are modulated by periodically potential in the moiré superlattice and 

form perfect arrays of nanodots that act as uniform quantum emitters314. The predicted 

moiré potential is about 100 meV which can be tuned by applying electrical filed and 

strain314, 321-322. Such a deep potential is expected to localize interlayer excitons even at 

room temperature. Although recent studies demonstrated that multiple exciton states are 

confined within the moiré potential by detecting interlayer exciton emission58, 323-325, it is 

still elusive on how moiré potential modifies interlayer exciton recombination and transport. 

7.2.3 Interlayer charge transfer excitons dynamics and transport 

Understanding the interlayer exciton dynamics and transport of moiré excitons in van 

der Waals heterostructures is critical for fundamental research and optoelectronic 

applications. Recent optical measurements on moiré excitons are mostly studying how 

moiré potential affects interlayer exciton emission in van der Waals heterostructures58. 

However, a drawback for PL based techniques is that only emissive species are investigated 

while many of the interlayer CT states are optically dark. To address this challenge, we 

employ transient absorption microscopy (TAM) that is capable of imaging both bright and 

dark interlayer excitons and track the interlayer excitons recombination and transport 

modulated by moiré potential.  
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7.3 Experiential Methods 

7.3.1 Second-harmonic generation (SHG) microscopy 

SHG measurements were taken using the confocal PL microscope as described 

previously. Briefly, the fundamental light from an optical parametric amplifier (OPA, 

TOPAS-Twins, Light Conversion Ltd) with a photon energy of 1.55 eV was focused on 

the sample using a 50X (N.A. = 0.95) objective. The reflected SHG light with a photon 

energy of 3.10 eV was collected using the same objective, dispersed with a monochromator 

(Andor Technology) and detected by a TE-cooled charge-coupled device (Andor 

Technology). The reflected fundamental light was removed using a short-pass filter.  

7.3.2 Determination of exciton density  

In our PL experiments, excitons in WS2 are generated by the absorption of the pump 

laser. The peak fluence of pump pulse (𝑃𝑓) could be calculated as: 

                                                            𝑃𝑓 =
𝑃

𝐴
                                                              (1) 

where 𝑃 is the pump pulse energy, 𝐴 is the pump excitation effective area. Since pump 

pulse is a Gaussian beam. To calculate the exciton density injected by the pump, we assume 

that every absorbed pump photon could create one exciton. Then, the injected exciton 

density could be obtained as: 

                                                             𝑁 =
𝛼𝑃𝑓

ℏ𝜈
                                                          (2) 

where 𝛼 and ℏ𝜈 are the absorption coefficient and photon energy of the pump pulse. 
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7.4 Result and discussions 

7.4.1 Charge transfer exciton emission in CVD WS2-WSe2 heterostructures 

 

Figure 7.1 Optical image of CVD grown WS2-WSe2 heterostructures with two twist 

angles (0° and 60°). Scale bar represents 10 um. 

 

In our experiment, we grow WS2-WSe2 heterostructures with different stacking 

orientation by chemical vapor deposition (CVD)74, 326-327. Figure 7.1 shows an optical 

reflection image of WS2-WSe2 heterostructures with twist angles of θ = 0° and 60°. We first 

grow single layer WS2 on the SiO2/Si substrate shown as a single crystalline triangular with 

lateral size around 100 micrometers.  Then, we directly grow single layer WSe2 on top of 

WS2 with a lateral size around 10 micrometers.   
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Figure 7.2 (a) Fundamental light with a photon energy of 1.55 eV used in SHG 

measurements. (b) SHG signal (3.10 eV) from WS2-WSe2 heterostructures (θ = 0° and 

60°) and 1L-WS2. 

 

CVD grown WS2-WSe2 heterostructures typically have two twist angles (0° and 60°) 

which can be readily determined by the relative stacking orientation of top and bottom 

triangular shapes due to that the orientation of each triangle is directly correlated with its 

microscopic crystal orientation84, 328. We further confirm the stacking orientation using 

SHG microscopy. Previous studies have displayed that the SHG signal is very sensitive to 

the crystalline symmetry and orientation84, 328-330. The SHG from the twisted bilayers is a 

coherent superposition of the SH fields from the individual layers, with a phase difference 

depending on the stacking angle. A full description of the model for SHG in twisted bilayer 

with an arbitrary stacking angle was reported before329. Briefly, if the laser electric field 

�⃗� 1(𝜔) has an angle of 𝜑1(𝜑2) with armchair direction of monolayer flake 1 (flake 2), the 

generated SH electric field �⃗� 1(2𝜔) [�⃗� 2(2𝜔) ]  from flake 1 (flake 2) is then 3𝜑1(3𝜑2) 

away from the laser polarization. The total SH electric field �⃗� 𝑡𝑜𝑡𝑎𝑙(2𝜔) in the stacking 

bilayer is equal to the vector superposition of SH field in monolayer flakes 1 and 2: 



160 

 

�⃗� 𝑡𝑜𝑡𝑎𝑙(2𝜔) = �⃗� 1(2𝜔) + �⃗� 2(2𝜔) . The total SHG intensity in the stacking region is 

proportional to |�⃗� 𝑡𝑜𝑡𝑎𝑙(2𝜔)|
2
 which can be described as 

                                          𝐼𝑡𝑜𝑡𝑎𝑙(𝜃) = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2 cos 3𝜃                                    (1) 

where 𝐼𝑡𝑜𝑡𝑎𝑙 , 𝐼1 , and 𝐼2  represent SH intensity of stacking bilayer, flake 1, and flake 2, 

respectively, and 𝜃 = 𝜑1 − 𝜑2 is the stacking angle which is defined as the angle between 

two nearest perpendicular bisectors of the two triangular flakes. In WS2-WSe2 

heterostructures, 𝜃 = 0°  yields a completely constructive interference while 𝜃 = 60° 

yields a completely destructive interference of SH fields. This model is well agreed with 

SHG measurement results shown in Figure 7.2. The SHG intensity of WS2-WSe2 ( 𝜃 = 0°) 

is strongly enhanced compared with single-layer WS2 while it is greatly suppressed in WS2-

WSe2 ( 𝜃 = 60°). 

 

Figure 7.3 (a) Schematic of band alignment in WS2-WSe2 heterostructures. (b) PL image 

of WS2-WSe2 heterostructures (0° and 60°) as shown in Figure 7.1. Scale bar represents 2 

um. 

 

Previous DFT band structure calculations78 have displayed that WS2-WSe2 bilayer 

has a type II band alignment as shown schematically in Figure 7.3 (a). After photo-

excitation, electrons transfer from WSe2 to WS2 while holes transfer from WS2 to WSe2. 
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Previous reports display that charge transfer occurs in tens of femtosecond which is much 

faster than the exciton recombination of single-layer WS2 or WSe2. As a result, the ultrafast 

charge separation would greatly reduce the radiative recombination for both WS2 and WSe2 

in the heterostructure region. Figure 7.3 (b) displays a PL image of WS2-WSe2 

heterostructures (0° and 60°) which clearly shows significant PL quench on the 

heterostructures region. Figure 7.4 (a) displays that PL intensity decreased by a factor of 

30 in WS2-WSe2 (60°) bilayer which indicates efficient charge separation81, 88. Raman 

measurement (Figure 7.4 (b)) shows two characteristic Raman peaks (𝐸2𝑔
1  and 𝐴1𝑔) which 

are corresponding to in-plane and out-of-plane vibration modes.  

 

Figure 7.4 (a) PL spectrum of 1L-WS2 and WS2-WSe2 heterostructure (60°). (b) Raman 

spectrum of 1L-WS2 and WS2-WSe2 heterostructures (0° and 60°). 
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Figure 7.5 PL spectrum of WS2-WSe2 heterostructures (0° and 60°), 1L-WS2, and 1L-

WSe2 at 295 K (a) and 78 K (b). 

 

The efficient charge separation in WS2-WSe2 bilayer leads to the formation of 

spatially indirect interlayer exciton which is likely emitting photons by radiative 

recombination with lower energy than the band gap of WS2 or WSe2. Here, we observe a 

new emission peak at ~1.4 eV (Figure 7.5 (a)) in WS2-WSe2 (60°) which doesn’t exist in 

either 1L-WS2 or WSe2 layers.  We attribute this new emission to the radiative 

recombination of interlayer excitons. PL emission from interlayer excitons is greatly 

enhanced at 78 K for both WS2-WSe2 heterostructures (0° and 60°) as shown in Figure 7.5 

(b) which is due to the suppressed non-radiative recombination at low temperature. It is 

also interesting to see that interlayer exciton emission displays stacking orientation 

dependence behavior. The interlayer exciton emission in WS2-WSe2 (60°) is about one 

order magnitude higher than WS2-WSe2 (0°) at 78 K. We also carried out temperature-

dependent PL measurements for 1L-WS2, 1L-WSe2, WS2-WSe2 (0°), and WS2-WSe2 (60°) 

as shown in Figure 7.6. Interlayer exciton emission intensity in both WS2-WSe2 (0°) and 

WS2-WSe2 (60°) increases with temperature decreases.  
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Figure 7.6 Temperature dependent PL spectrum for (a) 1L-WS2, (b) 1L-WSe2, (c) WS2-

WSe2 (60°), and (d) WS2-WSe2 (0°). 

 

Figure 7.7 (a) displays a PL image of interlayer exciton emission from a WS2-WSe2 

(60°) bilayer by detecting the emitting photon energy between 1.30 and 1.55 eV. It clearly 

shows that interlayer exciton emission only exists in the heterostructure region. The 

existence of interlayer exciton emission is further confirmed by the photoluminescence 

excitation (PLE) spectroscopy presented in Figure 7.6 (b). Briefly, we monitor the 

interlayer emission intensity by scanning the excitation energies at 78 K. It displays that 

interlayer emission could track A exciton resonance (~ 2.03 eV) of 1L-WS2, which vanishes 

when excitation energies are below the optical band gap of 1L-WS2.  
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Figure 7.7 (a) PL image of interlayer exciton emission in WS2-WSe2 (60°) at 78 K with a 

detection range between 1.30 and 1.55 eV.  (b) PLE spectra of interlayer exciton 

emission in WS2-WSe2 (60°) at 78 K. 

 

 

Figure 7.8 (a) Temperature-dependent TRPL dynamics of interlayer excitons in WS2-

WSe2 (60°). (Red lines are fits using a bi-exponential function convoluted with an IRF 

function). (b) A plot of fitted decay constant of TRPL dynamics shown in Figure 7.8 (a). 

 

Figure 7.8 (a) presents temperature dependent interlayer exciton PL dynamics of  

WS2-WSe2 (60°). Interlayer exciton recombination rate decreases as temperature decreases. 

Here we employ a bi-exponential function convoluted with an IRF function to fit the PL 

dynamics shown in Figure 7.8 (b). We observe two decay components in the nanosecond 
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range which increases with temperature decreases. The longer interlayer exciton 

recombination lifetime at low temperature is probably due to the suppressed non-radiative 

recombination.96  

7.4.2 Stacking orientation dependent charge transfer exciton formation in CVD WS2-

WSe2 heterostructures 

 

Figure 7.9 (a) Differential reflection spectrum of WS2-WSe2 heterostructures (0° and 60°) 
and 1L-WS2. (b) Transient reflection spectrum of WS2-WSe2 heterostructures (0° and 

60°) and 1L-WS2. 

 

Figure 7.9 (a) displays the differential reflectance spectrum (
𝛿𝑅

𝑅
 ) of WS2-WSe2 

heterostructures (0° and 60°) and 1L-WS2 at room temperature. Here, 
𝛿𝑅

𝑅
=

𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
, where 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 is the reflectance of the sample on the SiO2/Si substrate 

and 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 is the reflectance of bare SiO2/Si substrate. In 1L-WS2, A exciton resonance 

associated with band edge absorption has a notable absorption peak around 1.96 eV. 

However, in WS2-WSe2 heterostructures (0° and 60°), A exciton absorption peak displays 

a significant red shift (~20 meV) compared with 1L-WS2. Since the optical band gap (𝐸𝑜𝑝𝑡) 

of WS2 is related to single-particle band gap (𝐸𝑠𝑖𝑛𝑔𝑙𝑒) and exciton binding energy (𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛), 

𝐸𝑜𝑝𝑡 = 𝐸𝑠𝑖𝑛𝑔𝑙𝑒 − 𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛, the reduction of 𝐸𝑜𝑝 in WS2 is attributed to the reduction  of 
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both 𝐸𝑠𝑖𝑛𝑔𝑙𝑒 and 𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛 by the enhanced dielectric screening due the presence of  WSe2 

and weakly bounded interlayer excitons. 𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛 is further reduced than 𝐸𝑠𝑖𝑛𝑔𝑙𝑒 to cause 

the downshift of 𝐸𝑜𝑝𝑡 . Similar behavior is also observed in the downshift of A exciton 

bleach energies in the transient reflection spectrum shown in Figure 7.9 (b).  

 

Figure 7.10 (a) Schematic of exciton broadening in WS2-WSe2 heterostructures. A 

exciton bleach of 1L-WS2, WS2-WSe2 (0°), and WS2-WSe2 (60°). Red lines are fits using 

a Lorentzian function. 

 

The broadening of A exciton resonance in WS2-WSe2 heterostructures is also shown 

in the transient reflection spectrum (Figure 7.9 (b)). By fitting the exciton bleach with a 

Lorentzian function, A exciton linewidth of 1L-WS2, WS2-WSe2 (0°), and WS2-WSe2 (60°) 

are determined to be 47.6, 67.4, and 116.6 meV, respectively. By using the uncertain 

principle, τ =
ℏ

ΔΓ
, the timescale of population time (τ) is determined to be 34.6 and 9.1 fs 

for WS2-WSe2 (0°) and WS2-WSe2 (60°).  Here, we consider three typical physical 
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processes underlying the observed line width increase: enhanced phonon scattering in the 

heterostructure, energy transfer, and charge transfer between layers89.  

In 1L-WS2, the measured exciton line width of A exciton resonance is about 50 meV. 

Previous temperature dependent measurements determined the contribution to the line 

width from thermal phonon is about 20-30 meV. However, enhancement of photon 

scattering rate by a factor of 2 and 3 for WS2-WSe2 (0°) and WS2-WSe2 (60°) is very 

unlikely due to the scattering of carriers in one layer with the phonons in the adjacent layer 

should be much less efficient than in the same layer. In addition, this mechanism could not 

explain the difference in the exciton broadening between WS2-WSe2 (0°) and WS2-WSe2 

(60°). 

Next, we consider the effect of energy transfer. If energy transfer dominates, we could 

expect it causes the quench of PL intensity in WS2 and enhancement of PL intensity in 

WSe2. However, PL measurements present a significant reduction of PL intensity of both 

WS2 and WSe2 in the heterostructure. Furtherly, a recent experiment has determined the 

low bound of the energy transfer rate in WS2/MoSe2 heterostructure to be in picosecond to 

subpicosecond time scales which is much slower than tens of femtosecond inferred from 

the measured peak broadening. We conclude that energy transfer is not dominated in the 

exciton broadening. 

Finally, we consider charge transfer as the dominated factor. PL measurements have 

indicated extremely efficient charge transfer between WS2 and WSe2.  Due to the temporary 

limitation of femtosecond pump-probe spectroscopy (~ 300 fs) used in this measurement, 

it is very difficult to directly resolve charge transfer time scales with different twist angle. 

We could only provide an upper bound limit of charge transfer which has a lower bound 
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limit for charge transfer (9-35 fs) in WS2-WSe2 heterostructures. The stacking orientation 

dependent charge transfer is surprising because a recent study displays ultrafast (< 40 fs) 

charge transfer in MoS2/WSe2 heterostructures which is independent of twist angle. A 

recent ab initio time-dependent density functional theory (TDDFT) molecular dynamics 

simulation on MoS2/WS2 heterostructures revealed that the minor change of interlayer 

geometry can significantly modulate the charge transfer time from 100 fs to 1 ps scale 

which is governed by the electronic coupling between specific interlayer states86.  

7.4.3 Stacking orientation dependent interlayer exciton recombination in CVD WS2-

WSe2 heterostructures 

 

Figure 7.11 (a) Schematic of electron transfer in WS2/WSe2 heterostructures when 

selectively exciting WSe2 layer with a pump photon energy of 1.58 eV. (b) TAM imaging 

of WS2-WSe2 heterostructures (0° and 60°) at 0 ps. (pump photon energy is 1.58 eV; 

probe photon energy is 1.94 eV) 

 

In order to study interlayer exciton recombination dynamics, we selectively excite the 

WSe2 layer in the WS2-WSe2 heterostructure using a photon energy of 1.58 eV shown in 

Figure 7.11 (a). After photo-excitation, electrons could transfer from WSe2 layers to WS2 

layers and induce bleach signal of WS2 due to Pauli blocking principle. By probing at the 

A exciton resonance of WS2 (1.94 eV), we could directly measure interlayer exciton 
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dynamics. Figure 7.11 (b) displays a TAM image of WS2-WSe2 heterostructures (0° and 

60°) with pump photon energy of 1.58 eV and probe photon energy of 1.94 eV. Here we 

only observe bleach signal from the heterostructure region with no detectable signal from 

the WS2 only area.  

 

Figure 7.12 (a) A representative result of charge transfer exciton dynamics of WS2-WSe2 

heterostructures (0° and 60°). (pump photon energy is 1.58 eV; probe photon energy is 

1.94 eV). Red lines are fits using a bi-exponential function convoluted with an IRF 

function. (b) Charge transfer exciton dynamics of different WS2-WSe2 heterostructures 

(0° and 60°). 

 

Table 7.1 Fitted decay constants of TA dynamics traces shown in Figure 7.11 (a). 

 

 𝜏1 (ps) 𝜏2 (ps) 

0° 25.3 358.6 

60° 45.0 1456.0 

 

Figure 7.12 (a) presents charge transfer exciton dynamics of WS2-WSe2 

heterostructures (0° and 60°) at room temperature which displays significant stacking 

configuration dependent recombination dynamics. WS2-WSe2 heterostructures (0°) lives 

much longer than WS2-WSe2 heterostructures 60°. By fitting the dynamics with a bi-
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exponential function convoluted with an IRF function, we obtain recombination constant 

of WS2-WSe2 heterostructures (0° and 60°) shown in table 1. The decay constant of WS2-

WSe2 heterostructure (60°) lives four times longer than WS2-WSe2 heterostructure (0°). 

The stacking dependent recombination dynamics display insignificant power dependence 

shown in Figure 7.13.  

 

Figure 7.13 Power dependent charge transfer exciton recombination dynamics of WS2-

WSe2 (60°) and WS2-WSe2 (0°). (pump photon energy is 1.58 eV; probe photon energy is 

1.94 eV). 

 

 

Figure 7.14 (a) Schematic of charge transfer in WS2/WSe2 heterostructures when exciting 

both WS2 and WSe2 layer with a pump photon energy of 3.14 eV. Here, electrons transfer 

from WSe2 to WS2 while holes transfer from WS2 to WSe2. (b) TAM imaging of WS2-

WSe2 heterostructures (0° and 60°) at 0 ps. (pump photon energy is 3.14 eV; probe 

photon energy is 1.94 eV) 
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We also carried out transient absorption measurements at a pump photon energy of 

3.14 eV which could excite both WS2 and WSe2. Under this experiment condition, we 

expect electrons and holes transfer could occur simultaneously.  Electrons could transfer 

from WSe2 to WS2 while holes could transfer from WS2 to WSe2 as shown in Figure 7.14 

(a). Figure 7.14 (b) displays a TAM image at 0 ps with a probe photon energy of 1.94 eV. 

Here, we observe TA signal in WS2-WSe2 (0°) is around 2 times of magnitude higher than 

WS2-WSe2 (60°) which agrees well with the transient absorption spectroscopy 

measurements in Figure 7.10. 

Figure 7.15 compares transient absorption dynamics of WS2-WSe2 (0°), WS2-WSe2 

(60°), 1L-WS2, and 2L-WS2. By fitting the dynamics traces using a bi-exponential function 

convoluted with an IRF function (Table 2), It clearly displays the contrast of lifetime 

between charge transfer exciton in WS2-WSe2 heterostructures and intralayer exciton in 

1L-WS2 or 2L-WS2. Charge transfer exciton in the heterostructures could live up to 

hundreds of picoseconds to several nanoseconds depending on stacking orientation while 

intralayer exciton in either 1L-WS2 or 2L-WS2 could only display short lifetimes up to tens 

of picosecond.   
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Figure 7.15 Charge transfer exciton dynamics of WS2-WSe2 heterostructures (0° and 

60°). (pump photon energy is 3.14 eV; probe photon energy is 1.94 eV). Red lines are fits 

using a bi-exponential function convoluted with an IRF function. 

 

Table 7.2 Fitted decay constants of TA dynamics traces shown in Figure 7.15. 
 

 𝜏1 (ps) 𝜏2 (ps) 

0° 7.4  316.6 

60° 53.1 744.7 

1L-WS2 1.3 35.0 

2L-WS2 1.0 53.3 
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7.4.4 Moiré trapped interlayer exciton dynamics of CVD WS2-WSe2 heterostructures 

 

Figure 7.16 Long-period Moiré superlattice and three representative interlayer atomic 

registries for (a) WS2-WSe2 (0°) and (b) WS2-WSe2 (60°). 

 

Due to lattice constants of WS2 (𝑎 = 0.315 𝑛𝑚) and WSe2 (𝑎 = 0.328 𝑛𝑚) is slight 

different, lattice mismatch (4%) leads to the formation of Moiré superlattice in WS2-WSe2 

heterostructures. The Moiré superlattice constant (𝑏) is calculated as314: 

                                                                 𝑏 ≈
𝑎

√𝛿𝜃2+(
𝑎′

𝑎
−1)

2
                                                (2) 

where 𝑎(𝑎′)  is the lattice constant of WS2 (WSe2) and 𝛿𝜃  is the small deviation angle 

between the zigzag crystalline axes of the two layers. The Moiré superlattice constants for 

both WS2-WSe2 (0°) and WS2-WSe2 (60°) are about 6.7 nm. From first-principle 

calculation, we obtatin three representative interlayer atomic registries and the 

corresponding interlayer distance in the Moiré superlattices for WS2-WSe2 (0°) and WS2-

WSe2 (60°) shown in Figure 7.16.  
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Table 7.3 First-principle calculations of the band gap, total energy, and interlayer 

distance for different bilayer stacking registries shown in Figure 7.16. 

 

 

 

. Since interlayer distance varies in different interlayer atomic registries in the Moiré 

superlattices, the band gap should also vary with different atomic registries as shown in 

Table 3. For example, 2R'' in WS2-WSe2 (0°) has the smallest bandgap which indicates the 

lowest potential energy in all three stacking geometries. DFT calculations indicate that the 

Moiré potential in WS2-WSe2 (0°) is about 213 meV which is over two times magnitude 

higher than in WS2-WSe2 (60°) (94 meV). Although it is still changeling to obtain accurate 

bandgap through DFT calculations, it suggests that Moiré potential in WS2-WSe2 (0°) is 

significantly larger than in WS2-WSe2 (60°). We plot a schematic of potential energies in 

different atomic registries in Figure 7.17. The large Moiré potential is expected to trap and 

promote the recombination of interlayer excitons. Particularly, at low temperature, due to 

the reduction of thermal energy for thermal activation, interlayer excitons are localized in 

these potential wells and recombine through radiative and non-radiative pathways.  

System	
Gap@K	

[eV]	
 DE	

[meV]	
dint	

[Å]	
System	

Gap@K	
[eV]	

 DE	
[meV]	

dint	

[Å]	

AB	 0.681	 0.0	 2.911	 AA	 0.597	 109.3	 3.512	

2R’	 0.648	 27.8	 2.917	 2R	 0.755	 0.0	 2.858	

2R’’’	 0.587	 103.5	 3.463	 2R’’	 0.542	 14.9	 2.862	
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Figure 7.17 Schematic of Moiré potential landscape for WS2-WSe2 (0°). 

 

 

Figure 7.18 Temperature-dependent exciton dynamics of 1L-WS2 (pump photon energy 

is 3.14 eV; probe photon energy is 1.94 eV). Solid lines are fits using a bi-exponential 

function convoluted with an IRF function. 
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Figure 7.19 Temperature dependent charge transfer exciton recombination dynamics of 

WS2-WSe2 (0°) and WS2-WSe2 (60°). (pump photon energy is 1.58 eV; probe photon 

energy is 1.94 eV). Solid lines are fits using a bi-exponential function convoluted with an 

IRF function. 

 

 

Figure 7.20 Charge transfer exciton recombination constant extracted from Figure 7.16 as 

a function of temperature for WS2-WSe2 (0°) and WS2-WSe2 (60°). 

 

To study how Moiré potential modifies interlayer exciton recombination, we measure 

transient absorption dynamics by varying lattice temperature for WS2-WSe2 (0°), WS2-

WSe2 (60°), and control 1L-WS2 samples. Figure 7.18 exhibits temperature-dependent 
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exciton dynamics of 1L-WS2. The recombination constants are increased from 35 ps at 290 

K to 122 ps at 78 K. The increase of lifetime in 1L-WS2 at 78 K is attributed to the reduced 

exciton-photon scattering due to the reduced phonon population at low temperature. 

However, for both WS2-WSe2 (0°) and WS2-WSe2 (60°), interlayer exciton dynamics show 

a contrasting behavior with 1L-WS2 which becomes significantly faster with the decrease 

of lattice temperature as shown in Figure 7.19. This behavior can’t be explained by the 

reduced exciton-phonon scattering. The fitted recombination constants for both WS2-WSe2 

(0°) and WS2-WSe2 (60°) are plotted in Figure 7.20. Here, we also observe a significantly 

different behavior for different stacking orientation. For WS2-WSe2 (60°), the increase of 

charge transfer exciton recombination is very rapid compared in WS2-WSe2 (60°) than 

WS2-WSe2 (0°) as increasing lattice temperature. The recombination constant starts to 

increase at 160 K in WS2-WSe2 (0°) while it already becomes steady in WS2-WSe2 (60°). 

A reasonable explanation is that the amplitude of Moiré potential is much smaller in WS2-

WSe2 (60°) than WS2-WSe2 (0°). We estimate the Moiré potential depth to be on the order 

of tenth meV WS2-WSe2 (60°) which is much smaller than the value from DFT calculation. 

The deviation may arise from the strain in CVD grown WS2-WSe2 heterostructures which 

originate from strain induced from the mismatch of the thermal expansion coefficient (TEC) 

between that of TMDs layers and substrate. During the thermal annealing, a large tensile 

strain is expected to form in the heterostructures103, 331. By comparing the emission energies 

between exfoliated195 and CVD grown WS2 samples, we observe a redshift of emission 

energy (~ 50 meV) in CVD WS2 with exfoliated 1L-WS2, which is corresponding to ~ 0.6% 

tensile strain according to a previous report. Such large tensile strain significantly modifies 

Moiré potential amplitude. 
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7.4.5 Stacking orientation dependent charge transfer exciton transport in CVD WS2-

WSe2 heterostructures 

 

Figure 7.21 Exciton transport measurements of 1L-WS2 and 1L-WSe2. Spatial 

distribution of the exciton population at different delay time for 1L-WS2 (a) and 1L-WSe2 

(c). Diffusion coefficient of 1L-WS2 (b) and 1L-WSe2 (d) is obtained from the linear 

fitting of the variance of Gaussian profile. Red lines are linear fits. 

 

Here, we study the transport properties of intralayer and CT exciton using TAM. We 

fix the pump beam on the sample and scan the probe beam relative to the pump beam with 

a pair of galvanometer scanners to obtain exciton propagation information at different time 

delays. The pump-induced change in probe reflectance ∆𝑅 = 𝑅𝑝𝑢𝑚𝑝−𝑜𝑛 − 𝑅𝑝𝑢𝑚𝑝−𝑜𝑓𝑓 is 

collected. The pump energy is 3.1 eV to excite 1L-WS2 and 1L-WSe2, and the probe 

energies are 2.0 eV and 1.6 eV probing WS2 and WSe2. At zero delay time, the TAM results 

reflect the initial population created by the pump beam, and at later delay time, the TAM 

images directly visualize how excitons transport out of the initial volume. In one dimension 
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(1D), the initial population n (x, 0) follows Gaussian distribution as created by a Gaussian 

pump beam of 3.1 eV at position (x0) with a variance of 𝜎0
2 and is given by, 𝑛(𝑥, 0) =

𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎0
2 ] . Population as a function of space and time can be described by a 

differential equation that includes both the diffusion out of the initial volume and 

population decay, which is given by: 

                                                  
𝜕𝑛(𝑥,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑛(𝑥,𝑡)

𝜕𝑥2
−

𝑛(𝑥,𝑡)

𝜏
                                         (3) 

where D is the exciton diffusion constant and τ is the exciton lifetime. Solution to 

equation (3) dictates that exciton distribution at any later delay time (t) is also Gaussian 

and can be described as 𝑛(𝑥, 𝑡) = 𝑁𝑒𝑥𝑝 [−
(𝑥−𝑥0)

2

2𝜎𝑡
2 ] with a variance of 𝜎𝑡

2. The solution 

also gives the diffusion constant D as,   

                                                       𝐷 = 
𝜎𝑡
2−𝜎0

2

2𝑡
                                                           (4) 

Using this analysis, the population of the A excitons in the 1L-WS2 and 1L-WSe2 at 

different delay times are fitted to Gaussian functions and the diffusion constants are 

determined to be 0.14 ± 0.01 and 0.10 ± 0.06 cm2s-1, respectively (Figures 7.21).  By using 

the same method, we also carry out diffusion measurement on 2L-WS2 and 2L-WSe2. The 

diffusion constants are slightly larger than single layers shown in Figure 7.22. Excitons 

diffusion in CVD WS2 are about one order magnitude lower than exfoliated 1L- and 2L-

WS2, which is attributed to the much higher defect and impurities density in CVD WS2. It 

could significantly scatter excitons and impede exciton transport.  
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Figure 7.22 Exciton transport measurements of 2L-WS2 and 2L-WSe2. Spatial 

distribution of the exciton population at different delay time for 2L-WS2 (a) and 2L-WSe2 

(c). Diffusion coefficients of 2L-WS2 (b) and 2L-WSe2 (d) are obtained from the linear 

fitting of the variance of Gaussian profile. Red lines are linear fits. 

 

Next, we look at the CT exciton transport in WS2-WSe2 heterostructures. The pump 

photon energy is 1.57 eV exciting 1L-WSe2 and probe energy is 1.95 eV probing A exciton 

bleach of 1L-WS2. We carry out diffusion measurements at various exciton densities (5.2 ×

1011 𝑐𝑚−2 and 1.7 × 1012 𝑐𝑚−2) for both WS2-WSe2 (0°) and WS2-WSe2 (60°) shown in 

Figure 7.23 and 7.24 respectively. The CT exciton transport displays exciton density and 

stacking orientation dependent behavior which is clearly shown in Figure 7.25 by plotting 

𝜎𝑡
2 − 𝜎0

2 as a function of time delays. CT exciton transport in both WS2-WSe2 (0°) and 

WS2-WSe2 (60°) is much more mobile than intralayer excitons in 1L and 2L-WS2 or WSe2. 

Unlike the time-independent exciton diffusion in 1L and 2L-WS2 or WSe2, CT exciton 
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diffusion exhibits time dependent behavior. Initially, CT exciton diffusion expands very 

fast in 100 ps and then reduces significantly at longer time delay. We also observe stacking-

dependent CT exciton transport in which WS2- WSe2 (60°) always moves a longer distance 

than in WS2- WSe2 (0°) at various exciton densities. 

 

Figure 7.23 Exciton population profiles at different time delays with different interlayer 

exciton densities (a) 5.2×1011 𝑐𝑚-2 and (b) 1.7 × 1012 𝑐𝑚−2 for WS2-WSe2 (0°). The 

diffusion profiles are fitted with Gaussian functions at different delay times with the 

maximum ∆R signal normalized to unity. 

 

Figure 7.24 Exciton population profiles at different time delays with different interlayer 

exciton densities (a) 5.2 × 1011 𝑐𝑚−2 and (b) 1.7 × 1012 𝑐𝑚−2 for WS2-WSe2 (60°). The 

diffusion profiles are fitted with Gaussian functions at different delay times with the 

maximum ∆R signal normalized to unity. 
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Figure 7.25 𝜎𝑡
2 − 𝜎0

2 as a function of pump-probe delay time for both WS2-WSe2 (0°) and 

WS2-WSe2 (60°) at different interlayer exciton densities. Error bars of 𝜎𝑡
2 − 𝜎0

2 are the 

standard errors estimated from Gaussian fitting to the spatial intensity distributions. Solid 

lines are guides for eyes. 

 

Typically, interlayer exciton diffusion coefficients are dominated by scattering at 

potential fluctuations caused by defects or impurities. Due to the presence of large Moiré 

potential (~100 𝑚𝑒𝑉) in WS2-WSe2 heterostructure, interlayer excitons are localized at 

such potential fluctuations. Because the dipolar interlayer excitons repel each other, at high 

exciton density, such potential fluctuations are effectively screened by the excitons at the 

energy bottom of the dipolar exciton gas332-333.   
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Figure 7.26 Interlayer CT exciton transport in WS2-WSe2 heterostructures with a pump 

photon energy of 3.1 eV. (a) 2D image of transient reflection signal in WS2-WSe2 (60°) 

as it evolves with space and time. Exciton density is 1.6 × 1011 𝑐𝑚−2 Exciton population 

profiles at different delay time for (b) WS2-WSe2 (60°) and (c) WS2-WSe2 (0°). Exciton 

density is 1.6 × 1011 𝑐𝑚−2. The diffusion profiles are fitted with Gaussian functions at 

different delay times with the maximum ∆R signal normalized to unity. (d) 𝜎𝑡
2 − 𝜎0

2 as a 

function of pump-probe delay time for both WS2-WSe2 (0°) and WS2-WSe2 (60°). Error 

bars of 𝜎𝑡
2 − 𝜎0

2 are the standard errors estimated from Gaussian fitting to the spatial 

intensity distributions. Solid lines are linear fits. 

 

We also carry out interlayer exciton transport measurements at a pump photon energy 

of 3.1 eV which is 1.7 eV higher than the band gap of the interlayer exciton (~1.4 eV). The 

probe energy is 2.0 eV to probe A exciton bleach of 1L-WS2. The photo-excited exciton 

density is 1.6 × 1011 𝑐𝑚−2. Figure 7.26 (a) presents a 2D image of the  transient reflection 

signal in WS2-WSe2 (60°) evolving with space and time. It clearly displays broadening of 

exciton population profiles which indicates interlayer exciton diffusion. We fit exciton 

population profiles at different delay time for both WS2-WSe2 (60°) and WS2-WSe2 (0°) 
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using Gaussian functions shown in Figure 7.26 (b) and (c). By plotting 𝜎𝑡
2 − 𝜎0

2  as a 

function of pump-probe delay time shown in Figure 7.26 (d), it is surprising to see a time-

independent diffusion behavior which is directly contrast with the results measured at 1.57 

eV-pump. By fitting with linear functions, we obtain the diffusion constants of 1.0 ±

0.04  and 0.52 ± 0.03
𝑐𝑚2

𝑠
  for WS2-WSe2 (60°) and WS2-WSe2 (0°), respectively. The 

interlayer exciton diffusion constant of WS2-WSe2 (60°) is nearly two times higher than in 

WS2-WSe2 (60°) which is consistent with the results measured at 1.57 eV-pump. Since the 

interlayer exciton density at 3.14 eV-pump is much lower than that in the measurements 

with 1.57 eV-pump, dipole-dipole repulsion from dipolar interlayer excitons can’t explain 

such behavior. A possible reason is that the excess excitation energy promotes interlayer 

excitons to escape the Moiré potential and leads to long range CT excitons transport52.  

7.5 Conclusion 

In summary, we study interlayer exciton formation, recombination, and transport in 

CVD WS2-WSe2 heterostructures by combining PL microscopy, transient absorption 

microscopy, and DFT calculations. Temperature-dependent interlayer exciton dynamics 

suggests the existence of moiré potential that localizes interlayer excitons. The potential 

depth is strongly dependent on the stacking orientation. The dipole-dipole repulsion from 

bipolar interlayer excitons efficiently screen the moiré potential fluctuations and facilitates 

interlayer exciton transport. Our results provide fundamental insights in understanding the 

influence of moiré potential on interlayer exciton dynamics and transport in CVD WS2-

WSe2 heterostructures which has important implications in optoelectronic applications at 

the nanoscale limit.  
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