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Chapter 1 

1. General Introduction 

 

 

 

 

1.1. Two-dimensional materials 

Since Novoselov and Geim reported the isolation of graphene—the monolayer limit 

of graphite—and demonstrated its unique electrical properties in 2004 (and were 

awarded the Nobel Prize in Physics in 2010), two-dimensional (2D) materials have been 

attracting intensive attention because of their unique optical and electrical properties 

[1-5].  

Two-dimensional materials are layered materials with a typical thickness of 

approximately 1 nm or less; they exhibit unique characteristics as a consequence of their 

ultimate thinness and structure. For example, graphene exhibits an extremely high 

carrier mobility of over 200,000 cm
2
/(V·s) at 5 K [6]. This phenomenon originates from 

its unique band structure with linear band dispersion called as Dirac cone around the K 

point in the Brillouin zone. Numerous 2D materials exhibit various unusual 

characteristics. For example, hexagonal boron nitride (hBN) is also an atomic layered 

material and its band gap is 5.97 eV [7]. In addition, MoS2 and WS2, which are 

group-VI transition-metal dichalcogenides (TMDC), are semiconductors when in their 

2H state [8,9]. 
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1.2. Group-VI TMDC 

Group-VI TMDC are layered materials composed of a group-VI transition metal 

(Mo or W) and a chalcogen (S, Se, or Te). Their structures are shown in Figure 1.1. 

They are three-atom thick-layered materials in which transition-metal layers are 

sandwiched by chalcogen layers with trigonal prismatic geometries at 2H phase. Their 

structure is shown in Figure 1.1 These layers are bonded by van der Waals (vdW) 

interactions, and their crystals can be easily exfoliated into monolayers from bulk 

TMDC [5,10].  

 

 

Figure 1.1. A schematic of the crystal structure of MoS2. [11] . 

 

Recent studies have revealed fascinating properties of monolayer TMDC not only for 

electrical applications but also for exploring the fundamental physics related to the 2D 

limit. For example, Radisavljevic et al. fabricated a high-mobility monolayer MoS2 

transistor as a high-K dielectric whose carrier mobility reaches 200 cm
2
/(V·s) with a 

high on/off ratio that exceeds 10
8
 even at room temperature [11]. In 2012, Xiao et al. 
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reported the possibility of achieving valleytronics using MoS2 [4]. Valleytronics is a 

new basic principle of devices based on the valley degree of freedom—i.e., the freedom 

of moment of carriers in k-space—instead of on the charge or spin degree of freedom 

(electronics or spintronics, respectively). And TMDC show strong PL emission from 

exciton and trion even in room temperature because of their low-dimensional structure 

[5,10,12]. This means that they are excellent field for exploring 2D exciton physics. 

These reports clearly indicate that MoS2 and other group-VI TMDC can play an 

important role in replacing silicon transistors in the future and provide an excellent 

opportunity for exploring the fundamental physics of the 2D limit. 

 

 

1.3. Band structure of Group-VI TMDC 

The band structures of MoS2 and WS2 as well as their layer-number dependence are 

shown illustrated in Figure 1.2. 
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Figure 1.2. Band structures and layer-number dependence of the band structures of (a): WS2 and 

(b): MoS2 [13]. 

 

As shown in Figure 1.2, the band structures of monolayer TMDC are observed to 

differ from those of the corresponding bulk materials, and because W and Mo atoms are 

members of the same group of the periodic table, W- and Mo-based TMDC exhibit very 

similar band structures. Bulk WS2 and MoS2 are indirect-gap semiconductors; by 

contrast, monolayer WS2 and MoS2 are direct-gap semiconductors. This difference is 

caused by the spatial distribution of wave function. In MoS2, band dispersion of 

conduction band around the K point mainly arises from the d-orbitals of Mo atoms 

which localized at the center of the layer, which means that the bands do not suffer 

effects caused by multiple layers. By contrast, band dispersion near the Γ and Q point 

(point between K and Γ point) arises from the linear combination of d-orbitals of the 

metal and the antibonding pz orbitals of sulfur. Because sulfur atoms are located at the 

surface, they are affected by interlayer coupling, making multilayer TMDC indirect-gap 
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semiconductors [10].  

In the 2H phase and odd-layer TMDC, spin splitting at the K point and the K′ point 

in the first Brillouin zone is inversed (Figure 1.3) [4]. These inequivalent valleys of K 

and K′ points lead to the valley degree of freedom. 

 

 

Figure 1.3. Schematic of the band structure around band edges at K and –K (K )́ points in 

monolayer MoS2 [4]. 

 

These inequivalent valleys of K and K´ points make different, leading to formation of 

valley degree of freedom. 

 

 

1.4. Optical properties of group-VI TMDC 

Because TMDC are crystallographic and layered semiconductors, they exhibit 

unique Raman and photoluminescence (PL) properties. Raman and PL spectra are used 

to evaluate TMDC because these techniques provide important information about the 

materials layer numbers and quality and these methods are easy and inexpensive. And 

due to the unique structure of TMDC, they show higher order excitonic effect and 

specific Raman mode at low frequency region. These phenomena mean that group-VI 

TMDC is excellent field for exploring fundamental optics in 2D limit. 
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1.4.1. Raman spectra of TMDC 

Raman scattering was discovered by C. V. Raman, who was awarded the Nobel 

Prize in Physics in 1930. The Raman effect refers to the inelastic scattering of photons 

by phonons in a crystal. Because this effect is caused by the phonon mode in crystals 

and is specific to the crystal structure and composition of a material, the vibrational 

modes in a specimen can be characterized on the basis of its Raman spectrum. 

E′ and A′1 Raman scattering modes of MoS2 and WS2 are well documented [14-16]. 

These scattering modes correspond to in-plane and out-of-plane vibrations, respectively 

(Figure 1.5). The layer-number dependence of these peaks has also been well researched. 

Figure 1.6 shows the layer-number dependence of the peak positions of the E′ and A′1 

modes in WS2 and MoS2. 
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Figure 1.5 (a) and (b): A typical Raman spectrum of monolayer WS2. Spectra were obtained 

using an excitation wavelength of (a): 514.5 nm and (b): 488 nm, respectively. The inset shows 

a schematic of the vibration mode and crystal structure of WS2 [16]; (c): A typical Raman 

spectrum of CVD (chemical vapor deposition)-grown and exfoliated monolayer MoS2 [17]. 

 

 

Figure 1.6. A typical Raman spectrum and layer number dependence of (a):WS2 [16] and 

(b):MoS2 [15]. 

 

As shown in Figure 1.6, the Raman peak position is dependent on the layer number. 

This change in peak position is caused by interlayer vdW interaction and dielectric 

screening of the long-range Coulombic interactions between the effective charges. With 

increasing layer number, the A′1 mode exhibits a large blue shift, whereas the E′ modes 

are red-shifted [18]. 
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 In addition, the spectra of multilayered TMDC show additional peaks in the 

very-low-frequency region [19,20]. These peaks are referred to as the shear mode (SM) 

and layer-breathing mode (LBM). Corresponding schematics of the vibration mode are 

shown in Figure 1.7. 

 

 

Figure 1.7. (a) :A schematic of SM and LBM [21]; (b): Layer number dependence of low-frequency 

Raman spectrum MoS2.with parallel configuration. S1 and B1 correspond to SM and LBM, 

respectively [19]. 

 

These features are observed only in the spectra of multilayered TMDC because two or 

more layers are required to vibrate. The appearance of these spectral features, therefore, 

indicates the condition of stacking. The appearance of these peaks requires strong 

coupling of layers and, therefore, means that the interface of the atomic layers is clean 

[22]. The LBM is caused by a change in the interlayer distance; the corresponding peaks 

appear when two or more layers are stacked, and the appearance of peaks is not strongly 

affected the effect of the stacking angle and lattice mismatch. By contrast, the 

occurrence of the SM requires lateral lattice matching between layers. Thus, the 

appearance of SM peaks indicates that the lattice constant of the layers and 
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crystallographic orientation of them is matched or near to match [22-24].  

 

 

1.4.2. PL properties of TMDC 

TMDC have been attracted a great deal of interest not only for their electrical 

properties but also for their unique optical properties, which include a strong excitonic 

effect. Monolayer TMDC show PL emission from A excitons around 1.6–2.0 eV 

[10,25-27].  

 

 

Figure 1.8. Layer-number dependence of (a): the normalized PL spectrum and (b): the PL 

quantum yield (QY) in mechanically exfoliated WS2. A, B and I correspond to the PL emission 

from A, B-exciton and indirect transition [26]. 

 

In the case of TMDC, the many-body effect is prominent, and the excitonic 

effect dominates their optical transition because of their reduced dimensions and 

screening effects. The binding energy of excitons in TMDC reaches several hundreds of 

meV [28-30]. This value is much larger than the thermal energy at room temperature 
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(kBT ≈ 26 meV, where kB and T are the Boltzmann constant and temperature, 

respectively) and the binding energy of excitons in 3D materials such as Si (14.7 meV) 

[31]. Consequently, TMDC exhibit PL emission from excitons even at room 

temperature. And as previously mentioned, monolayer TMDC are direct-gap 

semiconductors, whereas multilayer TMDC are indirect-gap semiconductors. This 

property causes monolayer TMDC to exhibit more intense PL emission than their 

multilayer counterparts (Figure 1.8) [5,26]. And not only direct transition, multilayered 

TMDC show indirect peaks (Figure 1.8(a)). 

TMDC show PL emissions from trions at room temperature (Figure 1.9). A 

trion is a charged exciton such as an electron–electron–hole or an electron–hole–hole 

pair. In the case of MoS2 and WS2, negatively charged trions are observed. Their 

binding energy reaches several tens of meV, and PL emissions are observed from trions 

even at room temperature [12]. In addition, their PL intensity can be modified through 

carrier doping [32]. 

 

 

Figure 1.9. PL spectra at different back-gate voltages in MoS2. A and A
−
 correspond to a neutral 

exciton and a trion, respectively [12]. 
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Stabilizing excitonic states represents a new field for exploring basic optical 

physics. The high binding energies of excitons and trions mean that additional 

higher-order excitonic states can be stabilized and observed in TMDC. For example, a 

biexciton, which is a complex of two excitons, has been observed in both WS2 and 

WSe2 [33-35]. The binding energy of a biexciton in 2D and quantum well system is 

predicted to be proportional to that of an exciton and to the ratio of effective mass 

between electrons and holes [36-38]. Thus, due to the large binding energy of excitons, 

biexcitonic states are also stabilized and observed in TMDC. These possibilities and 

phenomena are important for exploring fundamental quantum mechanics. 

As shown in Figure 1.3, TMDC with odd numbers of layers have inequivalent 

valleys at the K and K′ points. Photocarriers can be selectively excited at the K or K′ 

point using circularly polarized light [2,4,39]. Figure 1.10 shows the PL spectra of 

monolayer WS2 under circularly polarized light. 

 

 

Figure 1.10. PL spectra excitation by circular-polarized light and an excitation energy of 2.088 

eV at 10 K. Red and black line denote co-circular (σ+) and contra circular (σ−) detection with 
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excitation. Inset shows the calculated value of P at the PL peak [40]. 

 

Valley-polarized excitons can thus be created at the K or K′ point. Polarization P is 

given by the following equation: 

P =
𝐼(σ +) − 𝐼(σ −)

𝐼(σ +) + 𝐼(σ −)
 (1.1) 

where I(σ+) and I(σ−) are the intensity of each peak that exhibits co-circular and 

contra-circular polarization with excitation, respectively. Valley-polarized excitons can 

be delocalized through an exchange interaction, and their lifetime is approximately 6 ps 

at 4 K in WSe2 [41,42].  

 

 

1.5. Growth methods of TMDC 

Numerous methods have been developed to prepare monolayer TMDC and other 2D 

materials [1,9,43-46]. They are usually prepared by one of two main methods: 

mechanical exfoliation and chemical vapor deposition (CVD). Typically, 2D materials 

obtained by mechanical exfoliation are highly crystalline, with a small domain size. By 

contrast, the CVD method enables the large-scale preparation of monolayer 2D 

materials; however, the materials’ quality is relatively poor [47,48]. Several attempts to 

overcome the disadvantages of these methods have been reported. For example, to 

improve the grain size of the exfoliation method, the use of gold as a new adhesion 

layer is effective. Using this method, large grain sizes (as large as 500 μm) have been 

achieved [49]. 
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1.5.1. Mechanical exfoliation 

The mechanical exfoliation method is commonly used for obtaining thin flakes of 

2D materials [1,15,16]. This method is a very simple yet efficient approach to obtaining 

high-quality small crystals that are still sufficiently large to allow characterization of 

their properties. The typical mechanical exfoliation procedure includes 1) adhering bulk 

2D crystals onto a piece of adhesive (e.g., Scotch® tape); 2) stacking adhesive layers of 

tapes and then peeling them off; 3) repeating step 2 10–20 times; 4) placing the tape 

with exfoliated crystals onto a substrate such as an oxidized surface, a heavily doped 

silicon substrate (SiO2/Si), or sapphire; and 5) peeling off the tape. Exfoliated 2D 

crystals with various thicknesses and sizes are thus obtained, the researcher have to 

select individual crystals for experiments. An optical image of a typical monolayer 

WSe2 that was obtained by the exfoliation method is shown in Figure 1.11. 

 

 

Figure 1.11. Optical image of exfoliated WSe2 on an SiO2/Si substrate [50]. 
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The advantage of the mechanical exfoliation method is that we can obtain 

high-quality samples from crystals obtained by the high-pressure and high-temperature 

(HPHT) or chemical vapor transfer method [51]. In addition, high-quality samples can 

be obtained at an extremely low cost. The disadvantage of this method is that it does not 

enable control of the layer number and size. Such control requires the CVD or 

molecular beam epitaxy growth method. 

 

 

1.5.2. The CVD method 

The CVD method is also commonly used to obtain large-scale, monolayer 2D 

materials [44,52,53]. Because a substrate with a catalytic effect is not required to grow 

them, TMDC can be grown on various substrates that are selected on the basis of 

properties the investigator intends to measure. The literature contains numerous reports 

of successful growth of TMDC on substrates such as SiO2/Si, sapphire, hBN, and 

graphite [44,54-56]. Typical precursors to grow MoS2 and WS2 are a metal oxide (MoO3 

or WO3) and elemental sulfur [54,57,58]. The precursors are evaporated by an electric 

furnace and deposited onto a substrate, and various TMDC can be deposited using this 

approach. The number of layers and the grain size can be controlled through variation of 

the CVD growth conditions. In fact, sub-millimeter-sized MoS2 monolayers have been 

grown using this method [44]. Figure 1.12 (a) shows a typical optical image of MoS2 

grown on SiO2/Si substrate. 
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Figure 1.12. (a): Typical optical image of CVD-grown MoS2 on an SiO2/Si substrate [44]; (b): A 

TEM image, (c): electron-diffraction pattern, and (d): the corresponding schematic image of a 

single domain, triangular crystal of WS2. Edges of crystals are perpendicular to the [100] 

direction (zig-zag edges) [25]. 

 

Numerous other precursors can be used to grow TMDC. For example, metal 

chlorides can be used as a metal source. Because the melting points of metal chlorides 

are lower than those of the corresponding metal oxides, they are more easily supplied 

than metal oxides. In addition, metal chlorides have also been used to grow MoS2, NbS2, 

and WS2 [45,55,59].  

CVD-grown TMDC are typically triangular crystals. The formation of 

triangular-shaped TMDC crystals can be explained by appearance of the zig-zag edge, 

which is an energetically preferred edge (Figure 1.12 (b), (c), and (d)) [25,44,60]. When 

a zig-zag sulfur or metal edge is assumed, the shape of crystal is uniquely determined as 

triangular. In many previous reports about the CVD growth of monolayer TMDC on 
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various substrates such as SiO2/Si, sapphire, and graphite, the formation of 

triangular-shaped crystals has also been observed [44,54,56]. 

 

 

1.6. hBN 

hBN is a 2D material composed of boron and nitrogen. Figure 1.13 shows the 

crystal structure of hBN. Its structure is similar to and isoelectronic with that of graphite 

[61,62]. However, the band structure of hBN differs substantially from that of graphite: 

hBN is an insulator, and the bandgap of hBN is approximately 5.97 eV [7].  

 

 

Figure 1.13 A schematic image of hBN layer [63]. 

 

hBN can be obtained by the HPHT method or the CVD method [64,65]. HPHT 

method tends to result in high-quality hBN that is, however, obtained as bulk crystals. 

HPHT hBN is commonly used as a substrate or as a protection layer (see Section 1.7.4) 

in conjunction with the mechanical exfoliation method because hBN is an ideal 

protection layer and substrate in that it is an atomic layered insulator without dangling 

bonds, surface roughness, or charged impurities on its surface [66]. We will introduce 

this at chapter 1.7.4. 
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1.7. van der Waals heterostructures of 2D materials 

In 2D materials, the layers are bonded not by chemical bonding but by vdW 

interaction. Thus, a 2D material can be peeled off and stacked onto other 2D materials. 

The resultant structures are called vdW heterostructures (Figure 1.14). 

 

 

Figure 1.14. A schematic of van der Waals heterostructures [67]. 

 

Three-dimensional (3D) stacked heterostructures have already been achieved using 

a molecular beam epitaxy system; however, its ability to fabricate such structures is 

limited. Because 3D materials have chemical bonds between layers, to form 

high-quality interface, lattice matching of materials is needed. By contrast, 2D materials 

circumvent this problem. As previously noted, 2D materials have no chemical bonds 

between layers; thus, limitations related to lattice constants, crystal structures, and 
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stacking angles are not encountered. Consequently, various 2D vdW heterostructures 

with different components, properties, and structures can be assembled. In the current 

study, we focused on the growth, fabrication, and optical properties of WS2-, MoS2-, 

and hBN-based vdW heterostructures. We first survey the electrical and optical 

properties of WS2 and MoS2 vdW heterostructures (i.e., WS2/MoS2) and then discuss 

the effect of hBN as a substrate and protection layer. 

 

 

1.7.1. Band structure of WS2/MoS2 vdW heterostructures 

Figure 1.15 shows the band structure of WS2/MoS2 with a stacking angle of 60°, as 

obtained by density function theory (DFT) calculations. 

 

 

Figure 1.15. Band structure of WS2/MoS2 heterostructures obtained by DFT calculations. The 

color scale corresponds to the contributions of different layers [68]. 
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WS2 and MoS2 heterostructures exhibit type-II band alignment at K point and are 

indirect semiconductors [69-72]. This band structure changes with variations in the 

stacking angle [73,74]. Figure 1.16 shows the stacking-angle dependence of the band 

structure of WS2/MoS2. As shown in the figure, the band structure of WS2/MoS2 varies 

with the stacking angle, which means that the optical responses also vary with the 

stacking angle. We will discuss this phenomenon in Section 1.7.2. 

 

 

Figure 1.16. Stacking angle dependence of band structure of WS2/MoS2 [73]. 

 

 

1.7.2. Optical properties of 2D vdW heterostructures 

As with the Raman spectra of multilayered TMDC, the Raman spectra of 
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TMDC-based vdW heterostructures show the same vibrational modes observed in the 

spectra of the corresponding TMDC monolayers. Figure 1.17 shows typical Raman 

spectra of WS2/MoS2 heterostructures and their dependence on the fabrication method. 

 

 

Figure 1.17. Raman spectra of WS2/MoS2 heterostructures with various fabrication methods. 

(a): A schematic of the lattice structure and the vibrational mode for a WS2/MoS2 

heterostructures; (b): Raman spectra at high frequency region of as-grown monolayer WS2, 

MoS2, and MoS2/WS2 heterostructures fabricated by a direct CVD growth and a transfer 

method; (c): Raman spectra at low-frequency region of the SM and the LBM for CVD-grown 

MoS2/WS2 heterostructures with AA and AB stacked, and twisted stacked heterostructures 

fabricated by a transfer method [23]. 

 

As shown in Figures 1.17(a) and 1.17(b), the high-frequency region of the Raman 

spectrum of the MoS2/WS2 heterostructure consists of the combined spectral features of 
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WS2 and MoS2. Peak shifts occurred as a result of interlayer coupling [23], then A′1 

modes are red shifted especially in CVD grown samples, where interlayer coupling is 

strong (Figure 1.17 (b)). 

In the low-frequency region, the SM and the LBM are not only observed in the 

spectrum of the multilayered TMDC but also in the spectrum of the heterostructure. 

Like the low frequency Raman spectrum of a multilayered TMDC, that of a WS2/MoS2 

heterostructure with AA or AB stacking shows both the SM and the LBM, whereas the 

spectrum of the twisted heterostructures shows only the LBM in the low-frequency 

region (Figures 1.17(a) and 1.17(c)). In addition, the appearance of these peaks indicates 

that the interface between the layers is clean [22]. 

Two-dimensional heterostructures with type-II band alignment, such as 

WS2/MoS2 or MoSe2/WSe2 vdW heterostructures, exhibit PL emission from interlayer 

excitons [75,76]. When a photon is absorbed in MoS2 or WS2, a photocarrier can 

transfer from one layer to another, resulting in an interlayer exciton (Figure 1.18). 

 

 

Figure 1.18. A schematic of the band alignment of a MoS2/WS2 heterostructure. C and V 

correspond to the conduction-band bottom and valence-band top, respectively [77]. 
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In the case of a WS2/MoS2 heterostructure, electrons and holes are located in the MoS2 

and WS2 layers, respectively. These species in WSe2/MoSe2 exhibit a longer lifetime of 

approximately 138 ns at 4.5 K [78] because the electrons and holes are spatially 

separated, and they show a very long valley lifetime of approximately 40 ns at 30 K 

[79]. These lifetimes are much longer than those in monolayer TMDC [42,80,81]. These 

results strongly indicate that 2D vdW heterostructures are excellent materials for 

exploring valleytronics.   

In addition, because TMDC vdW heterostructures are a multivalley system, 

numerous valleys are available to serve as points of origin of interlayer excitons. For 

example, the K, Q, and Γ points can contribute to the formation of interlayer excitons in 

in TMDC-based heterostructures [68,74,82]. Because these interlayer excitons have 

different origins, they should exhibit different optical responses. In a previous report, PL 

peaks in a WS2/MoS2 heterostructure were suggested to originate from interlayer 

excitons corresponding to K–K and K–Γ transitions [83]; however, further 

spectroscopic characterization and theoretical analyses are needed to fully elucidate the 

origin of the PL emissions. 

As previously discussed, the band structure of TMDC-based heterostructures can be 

modulated by their stacking angle. Thus, optical responses of interlayer excitons can 

also be varied by changing the stacking angle. Figure 1.19 shows the stacking-angle 

dependence of light cones in MoSe2/WSe2 and MoS2/WSe2 heterostructures [84]. 
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Figure 1.19. Calculated light cones of (a): MoSe2/WSe2 and (c): MoS2/WSe2 heterostructures at 

K point. Thick and thin red line shows the evolution of main and second Umklapp light cones, 

respectively; (b) and (d); The corresponding optical transitions and polarization. Inset shows the 

elliptical polarization of PL emission at the main light cones. Solid and dashed allows denote 

the dipole transition and interlayer hopping. These are obtained by DFT calculations.[84] 

 

Figure 1.19 shows that the optical transition from a K point to a K or K´ point should be 

suppressed without a stacking angle of approximately 0° or 60°. But in the case of 

MoSe2/WSe2 system, second Umklapp light cones would also appear at lowest energy 

in the stacking angle of 21.8° or 38.2° (Figure 1.19(a)), but this have small dipole 

strength. Then, their PL is weaker rather than stacking angle of 0° or 60°. Figure 1.20 

shows the stacking-angle dependence of the optical transition energy between K–K 

(direct) and K–Γ (indirect) transitions in a WS2/MoS2 heterostructure. The energies of 
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these transitions are strongly dependent on the stacking angle, especially at a stacking 

angle of 0° or 60°. Thus, to measure their physical properties and estimate the origin of 

the interlayer excitons, controlling the stacking angle is indispensable. 

 

 

Figure 1.20. Stacking-angle dependence of the optical transition energy between K–K (direct) 

and K–Γ (indirect) transitions in WS2/MoS2 heterostructures, as obtained by DFT calculations 

[73]. 

 

 

1.7.3. Fabrication method of van der Waals heterostructures 

The polymer-assisted dry transfer method is commonly used to fabricate vdW 

heterostructures. Because no chemical bonds exist between layers, heterostructures can 

be fabricated via manual stacking of sheets. Using optical microscope and three axis 

micrometer stage with a polymer such as polydimethylsiloxane (PDMS) and some other 

polymers (e.g., polypropylene carbonate (PPC) or polymethyl methacrylate (PMMA)), 

heterostructures can be fabricated by like a “stamping” [85-87]. Figure 1.21 shows a 

schematic of the typical setup and diagram of the fabricating heterostructures by dry 

transfer method. 
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Figure 1.21. (a): A schematic of the dry-transfer setup; (b): diagram of the steps involved in dry 

transfer [87]. 

 

Optical images of typical fabricated heterostructures are shown in Figure 1.22.  
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Figure 1.22. Optical image of an MoSe2/WSe2 heterostructure prepared by the dry-transfer 

method [88]. 

 

The advantage of this method is that various 2D materials can be stacked with control of 

their position and stacking angle. In addition, no solvent is used in all dry transfer 

method with exfoliated samples. The interface between layers is, therefore, free of 

bubbles and residues [86]. The use of a solvent results in residues between the layers, 

which can adversely affect a heterostructure’s intrinsic properties [22]. The 

disadvantage of this method is that the crystallographic orientation of exfoliated 

samples is difficult to estimate, which makes the crystallographic orientation of the 

samples difficult to control. One reported solution to this problem involves using 

second-harmonic-generation microscopy to estimate the crystallographic orientation of 

exfoliated samples [79,88]. 

The literature also contains numerous reports of the direct CVD growth of 

heterostructures [76,89]. Typically, CVD-grown TMDC show a stacking angle of 0° 

(AA stacking) or 60° (AB stacking) because the second layer is grown epitaxially on the 

first layer [23].  
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Figure 1.23. Optical image of a typical CVD-grown WS2/MoS2 heterostructure on SiO2/Si 

substrate. Scale bar: 10 μm [90]. 

 

In addition, numerous accounts of fabricating vdW heterostructures by transferring 

CVD-grown TMDC samples have been reported [22,68,91]. One of the merits of these 

fabrication methods is that the stacking angle is easily controlled because the 

crystallographic orientation of the components is easily estimated from the shape of the 

crystals [44]. As previously noted, CVD-grown TMDC crystals typically exhibit a 

triangular shape with a zig-zag edge appearance. Their crystallographic orientation is 

easily estimated by optical microscopy, enabling the fabrication of heterostructures with 

controlled stacking angles. The weak point of this method which commonly reported is 

residues. In these reports, when CVD is used to grow samples for the dry-transfer 

method, a wet-transfer method is typically used to detach the TMDC samples from the 

grown substrate [68,92]. This method results in a dirty interface between layers, and 

sometimes prohibits their intrinsic properties [22]. 

 

 

1.7.4. Using hBN as a substrate and a protection layer 

One of the largest problems encountered in investigations of the properties and 

potential applications of 2D materials is environmental effects. In the case of 2D 

materials, almost all atoms are located at the surface. Consequently, the materials’ 

properties change in response to their environment, such as the substrate they are 

deposited on or surrounding gases that adsorb onto their surface [93,94]. For example, 

the carrier mobility of graphene is limited by surface roughness, charged dangling 

bonds, optical phonons, and charged impurities on SiO2/Si substrates [94]. To mitigate 
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such environmental effects, hBN have commonly been used as a substrate and as a 

protection layer [86,95,96]. As previously noted, hBN is also a 2D material and an 

insulator without surface roughness, charged impurities, or low-energy optical phonons. 

These properties make hBN an ideal substrate and protection layer. Thus, when 

encapsulated by hBN, or using hBN as a substrate, samples are free from these 

environmental effects.  

Figure 1.24 shows an optical image, an atomic force microscopy (AFM) image, and 

a cross-sectional transmission electron microscopy (TEM) image of hBN-sandwiched 

graphene (hBN/graphene/hBN). As shown in Figures 1.24(b) and 1.24(c), the fabricated 

heterostructure exhibits a clean interface between the graphene and the hBN. The carrier 

mobility of hBN/graphene/hBN reaches 140,000 cm
2
/(V·s), whereas that of graphene 

on SiO2/Si substrates is limited to ~40,000 cm
2
/(V·s) at room temperature [86,94]. This 

high carrier mobility is achieved because of the ability of hBN to reduce environmental 

effects. This approach can also be used with other 2D materials. For example, WS2 

grown on hBN shows a sharper PL emission (~23 meV), and MoS2 grown on hBN 

shows a higher carrier mobility (~30 cm
2
/(V·s)) than those on SiO2/Si substrates (42–68 

meV and ~7 cm
2
/(V·s), respectively) [25,97-99]. In addition, hBN encapsulation of 

TMDC is also key factor to reduce the substrate effect, leading to observation of their 

intrinsic properties like trion quantum beats and valley Landau levels [100,101]. These 

results indicate that using hBN as a substrate or protection layer is essential for 

exploring the possibilities of 2D materials. 
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Figure 1.24. (a): An optical image and (b): an AFM image of fabricated hBN/graphene/hBN 

heterostructures as well as (c): a cross-sectional TEM image of the sample shown in (b) [86]. 

 

 

1.8. Research overview 

As post-silicon materials and a new field for exploring quantum mechanics in the 

2D limit, TMDC and its vdW heterostructures are attracting intensive attention. To 

investigate these possibilities, high-quality samples are indispensable. To obtain such 

samples, we have focused on using hBN as a substrate and protection layer and on 

investigating the fundamental PL properties of monolayer WS2 and WS2/MoS2 vdW 

heterostructures. 

In Chapter 2, we report a direct CVD method for growing WS2 on exfoliated hBN 

substrates. We successfully synthesized WS2 directly on hBN (WS2/hBN) using a 

multifurnace CVD method. The grown WS2 shows a very sharp and strong PL emission 

compared with WS2 grown on SiO2/Si and sapphire substrates. This sharp and strong PL 

emission strongly indicates that our WS2 sample is a high-quality monolayer.  

In Chapter 3, we report biexcitonic emission from WS2 grown on hBN. In this 

chapter, we discuss the characteristics of biexcitonic PL emission from WS2/hBN. 
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Biexcitonic emission from WS2/hBN was achieved at an extremely low excitation 

power, which suggests that our sample has sufficiently high quality to enable 

exploration of fundamental physics in two dimensions.  

In Chapter 4, we report the fabrication and optical properties of hBN-encapsulated 

WS2/MoS2 heterostructures (i.e., hBN/WS2/MoS2/hBN). In this chapter, we describe a 

new and simple method of fabricating hBN-encapsulated WS2/MoS2 heterostructures 

with controlled stacking angles. By using this sample, we report the identification of 

three interlayer excitons in these heterostructures through detailed PL measurements 

and DFT calculations. 
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Chapter 2 

2. Direct CVD growth of WS2 on hBN 

 

 

 

 

2.1. Introduction 

In recent years, monolayer group VI TMDC, such as MoS2 and WS2, have attracted 

much attention as post silicon, graphene materials and represent an excellent field for 

exploring fundamental physics in two dimensions [1-3]. Monolayer MoS2, WS2, MoSe2, 

and WSe2 are three-atom thick, direct gap semiconductors with hexagonal lattices [4]. 

Their low-dimensional structures with semiconducting properties provide opportunities 

for applications in electronics and optoelectronics with ultimate thinness [1,5]. 

Furthermore, due to their low-dimensional structure, they show a strong excitonic effect 

from a strong many-body effect mediated by Coulomb interactions, as well as PL 

emission from excitons and trions even at room temperature [6-8]; recent research 

revealed that they have a valley degree of freedom [9,10]. Broken inversion symmetry 

in monolayer TMDC crystals and strong spin-orbit interactions make their K and K´ 

valleys distinguishable and allow the possibility of achieving “valleytronics” devices. 

These indicate significant opportunities for TMDC in next-generation materials for 

various devices and the exploration of 2D physics. 

One of the greatest problems with these atomic materials is environmental effects. In 

atomic layered materials like WS2, MoS2, and graphene, almost all atoms locate at their 

surface. This means that their properties can be modulated easily by a substrate or by 
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gas adsorption. For example, free-standing high-quality graphene shows an excellent 

carrier mobility of over 200,000 cm
2
/(V·s) at 5 K, but in graphene on SiO2/Si, the 

carrier mobility is limited to about 10,000 cm
2
/(V·s) [11-13]. This is caused by a 

substrate effect: on SiO2, there are many charged impurities, dangling bonds, and 

low-energy optical phonons, together with surface roughness [14]. This is also 

important in TMDC – a recent study revealed that the substrate effect also degrades the 

electrical and optical properties of TMDC, and this causes localized states, resulting in 

resonant tunneling at low temperatures and variable range hopping at high temperatures 

[15]. 

   To improve this, we have focused on direct CVD growth of TMDC on hBN; this is 

an atomic-layered dielectric with a bandgap of about 6.0–6.4 eV [16,17], and there are 

no dangling bonds, surface roughness, or charged impurities at its surface. Due to these 

characteristics, hBN has been demonstrated to be the most suitable substrate and 

protection layers for observing the intrinsic optical and electrical properties of 2D 

materials [18]. For example, the carrier mobility of graphene on an hBN substrate 

reaches about 60,000 cm
2
/(V·s) even at room temperature [19]. This strongly indicates 

that the hBN substrate can allow us to explore new physics and electronic applications 

of graphene. This also occurred in TMDC – TMDC/hBN is a key structure for exploring 

intrinsic electrical and optical properties such as the valley Hall effect, photoinduced 

spin-Hall effect [9]. 

  Here, we report the direct CVD growth of atomic layered WS2, a group VI 

TMDC, on high-quality hBN (WS2/hBN, Figure 2.1).  
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Figure 2.1. A schematic image of WS2/hBN. The top and bottom layers correspond to WS2 and 

hBN, respectively. Yellow, light green, pink, and light blue correspond to sulfur, tungsten, boron, 

and nitrogen atoms, respectively. 

 

Although fabricating a TMDC/hBN structure has already been realized by many groups 

by mechanical exfoliation and dry or wet transfer methods, direct CVD growth of 

TMDC/hBN has a significant advantage over these methods [20]. When we grew a 

TMDC on hBN, it was deposited directly with no transfer process, realizing a clean 

interface between the TMDC and hBN. On the other hand, when using a dry-transfer 

method, polymer deposition and a transferring and washing process based on solution 

are required. This strongly indicates that to observe the intrinsic properties of TMDC, 

the clean interface between the TMDC and hBN is one of the key factors. Furthermore, 

the CVD growth method is more scalable and simpler than the exfoliation method. 

These advantages are essential for fabricating TMDC/hBN devices for exploring the 

intrinsic properties of TMDC. 
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2.2. CVD growth 

Our strategy for synthesizing high-quality TMDC on hBN is the using high-quality 

hBN flakes. high-quality hBN flakes were obtained by a mechanical exfoliation method 

from single-crystal hBN synthesized by a HPHT method [21]. The typical size of hBN 

flakes exfoliated onto quartz, sapphire, and SiO2/Si is several tens of micrometers. We 

confirmed the surface roughness of prepared hBN by AFM (Veeco Dimension 3100). 

 

 

Figure 2.2. A typical AFM image and height profile of prepared hBN. 

 

Figure 2.2 shows the result. The roughness rms is about 0.09 nm, and this means that 

the surface of hBN is atomically flat. The Raman spectrum of the hBN transferred to 

SiO2/Si, measured at room temperature with 2.54 eV excitation (Jobin Yvon LabRAM 

HR-800, with COHERENT Sapphire 488 LP CW laser), shows sharp Raman peaks 

corresponding to the E2g mode [22,23] at 1,367 cm
-1

 with a FWHM (full width at half 

maximum) of 8 cm
-1

(Figure 2.3), meaning that exfoliated hBN has high crystallinity.  
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Figure 2.3. A typical Raman spectrum of hBN exfoliated on a quartz substrate. 

 

And Figure 2.4 shows a handmade CVD growth setup for WS2/hBN. 

 

 

Figure 2.4. A schematic image of the setup for CVD of WS2 on hBN. 

 

As a precursor, we used metal oxide (WO2.9, Alfa Aesar) and elemental sulfur. We 

separated the flow paths of the metal and sulfur (Sigma-Aldrich, 99.98%) precursor by 

using a small diameter quartz tube to avoid unwanted reaction between WO2.9 and 

sulfur before reaching the substrate. (Also, the substrate was placed in the small 

diameter quartz tube, and WO2.9 reacted with sulfur that flowed back from the outlet of 

the tube). As shown in the figure, WO2.9 and the substrate were placed in the hottest 

zone, while elemental sulfur is placed in the coolest zone. A furnace placed at the center 
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was used as a buffer zone to avoid unwanted heating of Furnace 1. We used Ar as a 

buffer gas at a flow rate of 200 sccm (standard cubic centimeters per minute) at ambient 

pressure. The typical reaction temperature and time for this method were about 1,050 

degrees and 60 minutes, respectively, and we cooled all furnaces rapidly after the 

growth. The CVD growth method of WS2 on hBN using metal chloride as a precursor is 

reported in Reference publications No. 1. 

 

 

2.3. Results and discussion 

2.3.1. Elemental analysis, PL image, and AFM 

Initially, we performed TEM (JEOL JEM-2100F, acceleration voltage of 80 kV) and 

elemental analysis. Figure 2.5 shows a typical TEM image, and EDX (energy dispersive 

X-ray spectroscopy) and EELS (electron-energy loss spectroscopy) spectra. 

 

 

Figure 2.5. (a): A typical TEM image of WS2/hBN; (b) and (c): corresponding (b) : EELS and 
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(c): EDX spectra. 

 

In the TEM image of WS2/hBN, we can see lattice fringes. Elemental analysis clearly 

shows the existence of boron, nitrogen, sulfur, and tungsten, which is consistent with 

WS2/hBN, and there is no significant contamination by elements such as molybdenum 

and chromium. A Cu signal in the EDX spectrum originates from a copper TEM grid 

that we used. 

Figure 2.6 shows a typical PL image of CVD grown WS2 on hBN. We used a 

fluorescence microscope (Leica TCS SP8 gSTED, excitation was performed with a 

supercontinuum laser at 2.54 eV) to obtain this image, which was constructed from a 

bright field image (monochrome) and one taken at 1.77–2.07 eV (red).  

 

 

Figure 2.6. A typical PL image of WS2/hBN. 

 

As clearly seen in the Figure 2.6, there are strong PL emissions with triangular 

contrasts having an average size of ca. 2–3 μm on hBN, indicating that triangular 

monolayer WS2 is formed. The dark contrast is from the bulk WS2. The formation of 



45 

triangular WS2 crystals suggests the appearance of the zigzag edge, which is an 

energetically preferred edge [7,24]. When a zig-zag sulfur or metal edge is assumed, the 

shape of crystal is uniquely determined as triangular. In previous reports about the CVD 

growth of TMDC on various substrates such as SiO2/Si, sapphire, and graphite, the 

formation of triangular-shaped crystals has also been observed [24-26]. As seen in 

Figure 2.6, the density of WS2 at the edge is much higher than that at the center of hBN 

flakes. This suggests that the edge of hBN is an effective site for nucleation for WS2 

growth. There are many dangling bonds at the hBN edge, and they provide nucleation 

sites during WS2 growth. There is also a large nuclear density at the center of the hBN 

flakes. This might be due to the existence of large steps of hBN. 

    Figure 2.7 shows a typical AFM image and the corresponding height profile of 

CVD grown WS2. 

 

 

Figure 2.7. (a): AFM image of WS2/hBN; (b): height profile along the blue line shown in Figure 

2.7(a). 

 

The figures show a triangular WS2 crystal with a height of about 0.8 nm. This indicates 

that the grown WS2 is a monolayer [7,25]. As shown in the height profile, the surface of 
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the WS2 crystal is atomically flat – the surface roughness of WS2 grown on hBN is 

around 0.1 nm. 

 

 

2.3.2. Raman spectrum 

Figure 2.8 shows a typical Raman spectrum of WS2/hBN measured at room 

temperature with an excitation energy of 2.54 eV. 

 

 

Figure 2.8. A typical Raman spectrum of WS2/hBN. 

 

There are two strong Raman bands appeared at 358.6 and 419.8 cm
-1

, which originate 

from E´ and A´1 modes, respectively [7,27,28]. The observed peak positions of these 

bands are different from those of bulk WS2 (355.5 and 420.5 cm
-1

 for E´ and A´1 modes, 

respectively). As shown in Chapter 1, this difference is caused by dielectric screening of 

the long-range coulombic interactions between the effective charges and interlayer van 

der Waals interactions [29]. Since these peaks are shifted by this interlayer coupling, 
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when the number of layers decreased, red and blue shifts were occurred for E´ and A´1 

modes, respectively. The observed peak separation between E´ and A´1 modes is 61.2 

cm
-1

, consistent with monolayer WS2 [7]. 

We can confirm the crystal quality by Raman spectroscopy. The observed FWHM of 

the A´1 mode is 2.8 cm
-1

, which is sharper than in previous studies [30] and clearly 

demonstrates the high crystallinity of our sample. We will discuss this further later in 

this thesis. 

 

 

2.3.3. PL spectrum 

Figure 2.9 shows a PL spectrum measured at room temperature with an excitation 

energy of 2.54 eV. As seen in the Figure 2.9, WS2 shows a strong, single PL emission 

peak appeared at 2.014 eV, and this can be assigned to PL emission from A excitons of 

monolayer WS2 [31]. 

 

 

Figure 2.9. A PL spectrum of WS2/hBN at room temperature. 
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The FWHM of neutral excitons in Figure 2.8 is 24 meV. This value is much smaller 

than those of CVD-grown and exfoliated monolayer WS2 on SiO2/Si or sapphire (0001) 

substrates (42 to 75 meV) [7,31]. And PL emission from trions in Figure 12.8 is almost 

negligible. This means that the amount of free carriers in our sample is small. 

We tried to obtain more information on the substrate effect on PL properties. Figure 

2.10 and Table 2.1 show optical images, PL spectra, and peak parameters of 

CVD-grown WS2 on various substrates measured at room temperature. Peak fitting was 

performed with the Voigt function. 

 

 

Figure 2.10. Typical optical image of WS2 grown on (a): SiO2 and (b): sapphire substrate; (c): 
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PL spectra of WS2 grown on SiO2/Si, sapphire, and hBN at room temperature. 

 

Table 2.1. Peak parameters of WS2 grown on SiO2/Si, sapphire, and hBN. 

Substrate Peak position / eV FWHM / meV 

hBN 2.014 24 

Sapphire 1.991 47 

SiO2/Si 1.972 44 

 

As seen in Figure 2.10 and Table 2.1, WS2 grown on hBN shows the strongest and 

sharpest PL spectrum. In general, the FWHM of the PL emission is related to lifetime of 

exciton and environment of crystal. These PL properties should originate from 

high-quality WS2/hBN, indicating fewer trapping sites and reduced surface roughness in 

this sample. In fact, as seen in Figure 2.5, the surface of WS2/hBN is atomically flat. A 

recent study revealed that WS2 encapsulated with hBN has fewer trapping sites than 

WS2 on a SiO2/Si substrate formed by the substrate effect [32]. This ultimate flatness 

and small substrate effect result in sharp PL and Raman spectra for WS2/hBN. 

 

 

2.3.4. Electron diffraction and LEEM/LEED observation 

Figure 2.11 shows a typical SEM image of WS2 grown on hBN using metal 

chlorides as a precursor (for details, see reference publications No.1). As seen in the 

figure, the two dominant orientations of WS2/hBN have relative angles of 0° and 60°. 

This indicates that there is a relationship between WS2 and hBN. 
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Figure 2.11. A typical SEM image of WS2 grown on hBN. Dark triangular contrasts correspond 

to WS2 grown on hBN. 

 

To get more information about the relative orientation of these two crystals, we used 

LEEM (low-energy electron microscopy) and LEED (low-energy electron diffraction). 

Figure 2.12 shows the results. 

 

 

Figure 2.12. (a): LEEM image of WS2/hBN; (b) and (c): LEED patterns of WS2 crystal at 
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position 1 in (a) with electron energies of (b) 50 and (c) 22 eV; (d) LEED pattern of the crystal 

at position 2 in (a) with an electron energy of 22 eV. 

 

Figure 2.12(b) shows a typical LEED pattern of WS2/hBN. The LEED pattern of 

WS2/hBN shows two hexagonal spots with three-fold symmetry. These spots come from 

hBN and WS2. The strongest pattern with hexagonal spot is from graphene transferred 

to WS2/hBN to avoid charging up. As clearly seen in the figure, the crystallographic 

orientations of WS2 and hBN perfectly coincide. In addition, as shown in Figure 2.12(c) 

and (d), triangular WS2 crystals show different LEED patterns of their different 

orientations; 0° or 60° rotation. This clearly indicates that all WS2 crystals with 

triangular shape grown on hBN have identical edge structures, which means that 

existence of zigzag edges. We also measured the electron diffraction pattern of 

WS2/hBN. 

 

 

Figure 2.13. An electron diffraction pattern of WS2/hBN. The corresponding TEM image is 

shown in Figure 2.5(a). 

 

As shown in Figure 2.13, the crystallographic orientations of WS2 and hBN are almost 
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the same. This means that information on crystallographic orientation between WS2 and 

hBN obtained by electron diffraction pattern is also consistent with the results from the 

LEED observation. There is a mismatch of lattice constants between WS2 and hBN (the 

lattice constant of a-axis of WS2 and hBN are 0.318 and 0.250 nm, respectively), and 

WS2 and hBN make an incommensurate moiré superlattice. And the periodicity of this 

superlattice is about five times larger than that of WS2 (Figure 2.14). 

 

 

Figure 2.14. Proposed structural model of WS2/hBN based on the PL image and the 

LEEM/LEED observations. WS2 and hBN show the (a): the same and (b): inverse orientations. 

The top and bottom layers correspond to WS2 and hBN, respectively. Yellow, cyan, pink, and 

light blue correspond to sulfur, tungsten, boron, and nitrogen atoms, respectively. 

 

The growth mechanism of WS2 on hBN involves a Frank-van der Merwe mechanism. In 

this mechanism, at first, small nuclei of WS2 are formed. Then, these small nuclei grow 
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to large 2D WS2 crystals. Since WS2 crystals only have dangling bonds at their edges, 

additional precursor atoms selectively attach at their edges. Then, 2D WS2 crystals are 

formed. The problem here is why WS2 and hBN show strict crystallographic 

orientations. In previous reports, CVD-grown TMDC on SiO2/Si substrates showed 

random crystallographic orientations [24]. On the other hand, NbS2 and NbSe2 grown 

on exfoliated hBN and WS2 grown on exfoliated graphite show a similar tendency to 

WS2/hBN [25,33,34]. Also, MoS2 grown on CVD-grown graphene shows a strict 

relative crystallographic orientation [35]. As regards studies that used exfoliated 2D 

materials as a substrate, one possible explanation is that WS2 crystals were grown from 

the step edge of hBN or graphite. If this hypothesis is true, most of WS2 crystals should 

align at a step edge of hBN or graphite. However, this is inconsistent with most of the 

observed WS2 crystals by PL image. For example, in the AFM image shown in Figure 

2.7(a), there are no step edges at the edge of the WS2 crystal, but it exists on near the 

WS2; a part of Figure 2.15 shows linear alignment of the WS2 crystal, which probably 

arises from the growth initiated from the step edge.  
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Figure 2.15. A PL image of WS2 grown on hBN. WS2 shows linear alignment. The coloring is 

the same as in Figure 2.6. 

 

Also, this scenario is not valid for MoS2/graphene because there are no step edges in the 

center of monolayer graphene. The distinct crystallographic relation between TMDC 

and 2D material substrates (graphite, hBN) in this and previous studies thus indicates 

that there is a substantial interaction between the TMDC and the substrate materials. 

Because TMDC, hBN, and graphite show hexagonal lattices without dangling bonds at 

their surfaces, van der Waals interactions and the Coulomb (especially in hBN because 

there are differences in electronegativity between B and N atoms) presumably play a 

role in to determine the orientation of WS2 crystals on hBN. In a previous study, MoS2 

grown on sapphire (0001), which also has a hexagonal lattice, shows a similar tendency 

[36]. In that report, authors calculated the adsorption energies for MoS2 and sapphire. 

They revealed that MoS2 with same or inversed orientation show energy difference in 

in-plane translations in adsorption energies. On the other hand, with other orientations, 

this shows a flat energy surface, leading to the formation of aligned crystals. We believe 

that similar phenomena occur in our samples. Initially, small WS2 nuclei form at the 

hBN surface. Then, since there is no chemical bonding between the WS2 and hBN, WS2 

nuclei can probably rotate and translate at the early stage of the WS2 growth. The 

random motion allows nuclei to adopt an energetically favored orientation and form 

large WS2 atomic layers with a limited crystallographic orientation (like Figure 2.14). 

We counted the number of WS2 crystals which show triangular shape in two dominant 

orientations. (Figure 2.16) 
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Figure 2.16. A LEEM image of the WS2/hBN. 

 

In Figure 2.16, triangles marked by red and blue numbers are WS2 crystals with the two 

dominant orientations. Yellow circles correspond to WS2 crystals with minor 

orientations. We found that the number of two dominant orientations is equally. This 

means that the energy difference between these orientations is small. These results 

strongly suggest that WS2 grows directly on hBN, forming a clean interface. 

 

 

2.4. Conclusion 

In conclusion, we directly grew high-quality WS2 atomic layers on hBN by a CVD 

growth method. The triangular WS2 grown on hBN shows monolayer thickness, with 

Raman spectrum characteristic of monolayer WS2, and a strong and sharp PL emission 

appeared at 2.014 eV at room temperature. The FWHM of the neutral excitons in PL 

emission peak is only 24 meV, which is much sharper than that of the WS2 grown on the 

other substrate, indicating that the quality of our WS2/hBN samples is quite high. 
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Furthermore, we have observed that there is a distinct relationship of crystallographic 

orientation between the WS2 and hBN. This relationship may be caused by the van der 

Waals forces of these two layers and Coulomb interactions. This direct CVD growth 

method of TMDC on hBN can be applied to obtain high-quality monolayer TMDC 

samples. And these are suitable for exploring the intrinsic electrical and optical 

properties of many other TMDC and 2D materials. And which would prose to initiate a 

new field for exploring fundamental quantum mechanics and application based on 

high-quality TMDC. 

In the next chapter, we report the availability of WS2/hBN for exploring 

fundamental physics through observing its biexciton states. 
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Chapter 3 

3. Biexcitonic emission from WS2 grown 

on hBN 

 

 

 

 

3.1. Introduction 

As shown in Chapter 2, we obtained high-quality WS2 samples by direct CVD 

growth on hBN. To confirm the quality of samples, we focused on their PL properties.     

Monolayer group VI TMDC represent an excellent field for exploring fundamental 

physics in two dimensions, such as excitonic effects and correlated effects in optical 

properties [1-4]. Due to the huge binding energy of excitons in TMDC, we can observe 

PL emission from excitons and trions even at room temperature [4-12]. We can also 

expect the emergence of further peculiar complex many-body states like higher-order 

excitons in TMDC [13-15]. For example, we can expect the existence of biexcitons, 

higher order excitonic states that contain two electrons and two holes. The binding 

energy of a biexciton is proportional to the ratio of the carrier’s effective mass, 

dimensionality, and exciton binding energy [16,17]. In WS2, due to the large binding 

energy of excitons (estimated as about 0.32 to 0.71 eV) [11,12,18], we can expect the 

emergence of biexciton states, but there are a few reports of successful observation of 

this state [19-22]. And one of these reports states that to observe biexcitons, it needs 

high excitation power (e.g., over 25 kW/cm
2
) [21].  
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Here, we report the observation and stabilization of biexciton states in WS2 atomic 

layers grown on hBN. As shown in Chapter 2, we achieved high-quality WS2 samples 

by a direct CVD growth method onto exfoliated hBN. CVD-grown WS2 on hBN 

(WS2/hBN) shows sharper PL emission than that of other substrates. This means that 

there are no trap states resulting from the substrate effect, and excitons can diffuse 

longer than in WS2 on other substrates and form biexcitons; thus, we can expect 

stabilization of biexciton states, and our sample allows these fundamental quantum 

mechanics to be observed.  As shown in Chapter 2, while WS2/hBN shows a single 

peak PL emission from neutral excitons at room temperature, at 80 K, WS2/hBN shows 

four peaks around 1.99–2.10 eV in the PL spectrum. Through detailed PL measurement, 

we conclude that these can be assigned to PL emission from excitons, trions, another 

trion state, and a biexciton state. Interestingly, we have observed biexciton states even at 

an extremely low excitation power of about 240 W/cm
2
 at 82 K. The excitation power at 

which we observed the biexciton state is about 18 or 100 times lower than in previous 

reports [21,22]. These results clearly indicate that in our sample, higher order excitonic 

states are stabilized, providing an excellent opportunity for investigating these states in 

a TMDC. 

 

 

3.2. Observing biexcitonic emission from WS2/hBN 

3.2.1. Temperature dependence of PL 

Initially, we cooled WS2/hBN samples cryostatically (CryoVac GmbH 

Conti-Cryo-Micro, with temperature controller TIC-304 MA or Janis cryostat) and 

measured PL properties with a confocal measurement system (Horiba Jobin Yvon 

LabRAM HR-800 or a handmade PL measurement system). For excitation, we used a 
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488 nm CW laser (COHERENT Sapphire LP) (Figure 3.1(a)) or a 520 nm 

supercontinuum laser (Figure 3.1(b)).  

 

 

Figure 3.1 (a): Temperature dependence of PL properties of WS2/hBN; (b): PL spectrum of 

WS2/hBN at 80 K.  

 

Figure 3.1(a) shows the temperature dependence of the PL properties of WS2/hBN. At 

room temperature, as before, WS2/hBN shows single-peak PL emission originating from 

excitons. However, at low temperatures, WS2/hBN show additional PL peaks from other 

excitonic states, such as trion and trapped states. This is because at room temperature, 

excitons trapped in these states can revert to free excitons by absorbing thermal energy. 

However, at low temperatures, they do not have enough energy to revert to free excitons 

and we can observe PL emissions from these states. In fact, at 175 K, there are three 

peaks around 2.0 to 2.1 eV (Figure 3.1(a)). Figure 3.1(b) show the PL spectrum 

measured at 80 K. They show four peaks in this spectral region. Fitting of these peaks 

was done with Voigt function (for exciton, trion, and P1) and distribution function of 

biexcitons in two dimension (for P2) as follows [23]: 
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IXX(ℏ𝜔) =
exp (−

𝐸ex − 𝐸XP2
− ℏ𝜔

𝑘B𝑇eff
)

1 + exp (−
𝐸ex − 𝐸𝑋P2

− ℏ𝜔

𝛤BE
)

 (2.1) 

𝐸ex , 𝐸XP2
, ℏ𝜔, 𝑘B, and 𝑇eff correspond to the peak position of exciton, binding energy 

of biexciton, photon energy, Boltzmann constant and effective temperature, respectively. 

The denominator of equation (2.1) represents the 2D density of states (step like) with 

broadening factor, 𝛤BE. 

It is clear that PL emission at 2.073 eV is from excitons and that at 2.035 eV is from 

trions because their binding energy is 39 meV, which is consistent with previous reports 

[11,24]. However, it is difficult to assign the PL peaks denoted as P1 (at 2.014 eV) and 

P2 (at 1.998 eV) in Figure 3.1(b). To assign these features, we measured three PL 

properties: the excitation power dependence, the circularly polarized excitation PL, and 

time-resolution PL. 

At low temperatures, we can observe a blue shift of exciton peaks (Figure 3.1(a)). This 

is caused by electron-phonon interactions and can be fitted with a Varshni plot, which 

explains band gap modulation by this interaction [25]. The Varshni equation is defined 

as follows: 

Eg = 𝐸0 −
𝛼𝑇2

𝑇 + 𝛽
 (2.2) 

Eg, E0, and T correspond to the energy gap, energy gap at 0 K, and temperature, 

respectively, while α and β are constants. The result of fitting is shown in Figure 3.2 and 

Table 3.1. In this result, at P1 state, contribution from P2 state might exist. 
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Figure 3.2. Varshni plot 

 

Table 3.1 : Varshni parameters 

 

 

 

 

 

 

 

 

 

3.2.2. Excitation power dependence 

To assign these features, the most simple and effective method is to measure their 

excitation power dependence. We can estimate their origin by fitting this equation to the 

  Obtained value   

Exciton 

α / eVK
-1

 0.000589 

β / K 514.1 

E(0) / eV 2.083 

Trion 

α / eVK
-1

 0.000719 

β / K 480.0 

E(0) / eV 2.045 

P1 

α / eVK
-1

 0.000657 

β / K 473.5 

E(0) / eV 2.021 
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experimental results: 

I ∝ 𝐼𝑒𝑥
𝛼  (2.3) 

I, Iex, and α correspond to the integrated intensity of the peak, the integrated intensity of 

excitons, and a constant, respectively. Typical values of α in PL emission from trion and 

localized states are about 1.1 and 0.6, respectively [19]. On the other hand, biexcitons 

show superlinear dependence (α ~ 1.2 to 1.9) [14,19,22]. We measured excitation power 

dependence at 80 K from excitation power of 0.37 μJ/cm
2
 to 6.6 μJ/cm

2
. The result is 

shown in Figure 3.3(a). 

 

 

Figure 3.3 (a): Excitation power dependence PL of WS2/hBN at 80 K. (b): Excitation power 

dependence of trion, P1, and P2. 

 

As shown in Figure 3.3(b), trion and P1 states show similar α value of about 1.08 and 

1.25, respectively. This indicates that P1 originates from another trion state. On the other 

hand, as shown in Figure 3.3(b), the P2 state exhibits a superlinear relationship, and α is 

about 1.82. This clearly indicates that this state originates from biexcitons. To assign 

this state as biexciton, we must check that α does not reach 2. Since biexcitons are 
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formed when two excitons collide, in an ideal case such as the GaAs quantum well 

system, where the full thermal equilibrium exists, biexciton states should show α = 2 

[26]. Usually, α does not reach 2 and is typically about 1.2 to 1.9 in TMDC [14,19,22]. 

This is because, due to the large binding energy of the biexciton state (we will discuss 

this later), there is no thermal equilibrium between the exciton and biexciton states, and 

biexcitons cannot be decomposed into two excitons. This results in a small value of α, 

which is consistent with previous reports.  

 

 

3.2.3. Binding energy of biexciton states 

 As shown earlier, the binding energy of biexcitons is related to that of excitons. In our 

case, the binding energy of a biexciton is calculated from the difference between the 

photon emission energy peaks.  

E = Eex − EP2
 (2.4) 

EEx and EP2 are the PL emission energies of exciton and P2 states, respectively. Using 

this equation, we calculated the binding energy of biexcitons as 75 meV. The ratio of the 

binding energy of a biexciton to that of an exciton, which is known as the Haynes factor, 

is about 0.11 to 0.23. This is consistent with previous reports including quantum well 

system [14,16,27] and is about ten times larger than the thermal energy at 80 K (kBT = 

6.9 meV). This large biexciton binding energy prohibits the decomposition of biexcitons 

into two excitons. The observed binding energy of biexcitons is larger than in previous 

reports [19,21,22]. Since Bohr radii of biexcitons are larger than that of excitons and 

would be more sensitive to screening. The difference of density of free carriers and 

environment, especially the difference of the substrate might make binding energy of 
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biexcitons large in WS2/hBN. 

 

 

3.2.4. Circularly polarized excitation PL 

To obtain more evidence to assign P2 to biexciton states, we measured their valley 

polarization using a circularly polarized supercontinuum laser at 2.33 eV with an input 

power of 15 uJ/cm
2
 at 54 K. Figure 3.4 shows the results. To calculate the valley 

polarization, we used this equation: 

P =
𝐼(σ +) − 𝐼(σ −)

𝐼(σ +) + 𝐼(σ −)
   (2.5) 

P, I(σ+), and I(σ-) correspond to the polarization, and the intensities of peaks showing 

co-circular and contra-circular polarization with excitation. 

 

 

Figure 3.4. Circularly polarized excitation PL. 

 

Table 3.2. Calculated valley polarization. 
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State Exciton Trion P1 P2 

Polarization 0.176 0.266 0.201 0.127 

 

As shown in Table 3.2, the P2 state shows valley polarization of about 13 percent. This 

is smaller than that of excitons and trions. In previous reports, the valley polarization of 

biexcitons is also smaller than that of excitons and trions, and if the states originated 

from localized states, they showed no valley polarization [14,21]. The fact that P2 states 

show smaller valley polarization than excitons and trions supports our argument. 

 

 

3.2.5. Time-resolution PL 

We measured the PL lifetimes of these states at 80 K, to obtain further information 

on them. Since four peaks in the PL spectrum are merged, we used a band-pass filter 

(Semrock® laser line filter 633 nm) and a combination of long-pass and short-pass 

filters to select these peaks. We used the following biexponential function, 

D(t) = 𝐴 ∗ exp (−
𝑡

𝜏1
) + (1 − 𝐴) ∗ exp (−

𝑡

𝜏2
)  (2.6) 

where τ1, τ2, and A are the lifetimes of the fast and slow decay components, and the ratio 

of τ1 to τ2, respectively. By convoluting this function and the instrument response 

function (IRF), we fitted the obtained time-resolved PL intensity. The obtained 

time-resolved PL intensity and fittings are shown in Figure 3.5. 

 



69 

 

 

Figure 3.5. Time-resolution PL of WS2/hBN. Black dotted line shows impulse response 

function. 

 

Table 3.3. shows the fitting results. 

 

Table 3.3. calculated radiative lifetime of PL peaks at 80 K. 

 Exciton Trion P1 P2 

τ1 / ps 15 22 24 31 

 

Table 3.3 shows the fast decay component of fitting. Obtained the lifetimes of excitons, 

trions, P1, and P2 are 15, 22, 24, and 31 ps, respectively. This result indicates that the 

lifetime of biexcitons is shorter than that of excitons, which is also consistent with 

previous reports, and this short lifetime means that P2 does not originate from a 

localized state [14], but this is not consistent with the results from a conventional 

quantum well system, where the lifetime of biexcitons is half that of excitons [26]. This 
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difference is caused by the large binding energy of excitons. As shown earlier, the 

binding energy of biexcitons (~75 meV) is larger than the thermal activation energy at 

80 K (~6.9 meV). Also, there is no thermal equilibrium between exciton and biexciton 

states. This lack of thermal equilibrium results in long lifetimes. 

 The following processes are assumed, 

2X ⇄ XX 

X → T 

X → ℏωX 

XX → X + ℏωXX 

where X, XX, T, ℏωx, and ℏωXX are excitons, biexcitons, trions, and PL emissions of 

excitons and biexcitons, respectively. From these processes with assuming the 

non-radiative decay process, we obtained the following rate equation for the number of 

excitons and biexcitons; 

𝑑𝑁X(𝑡)

𝑑𝑡
= 𝐺 − (

1

𝜏XR
+

1

𝜏T
+

1

𝜏NR
) ∗ 𝑁X(𝑡) −

2

𝜏EB
∗ 𝑁X(𝑡)2 

                   + (
1

𝜏XXR
+

2

𝜏BE
) ∗ 𝑁XX(𝑡) 

(2.7) 

𝑑

𝑑𝑡
𝑁XX(𝑡) =

1

𝜏EB
∗ 𝑁X(𝑡)2 − (

1

𝜏BE
+

1

𝜏XXR
+

1

𝜏XXNR
) ∗ 𝑁XX(𝑡) (2.8) 

G corresponds to an exciton generation function, and t, NX, and NXX correspond to the 

time, the number of excitons, and the number of biexcitons; τXR, τT, τNR, τEB, τBE, τXXR, 

and τXXNR represent the radiative lifetimes of excitons, lifetimes of exciton-trion 

conversion, non-radiative decay of excitons, lifetimes of exciton-biexciton conversion 

and biexciton-exciton conversion, and radiative and non-radiative decay of biexcitons, 

respectively. These two equations cannot be solved numerically, but assuming that the 

number of excitons follows a single exponential decay process, 
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𝑁X(𝑡) = 𝑁X(0) ∗ exp (−
1

𝜏X,obs
) (2.9) 

 

we can obtain the number of biexcitons numerically under the steady state 

approximation. 

𝑁XX(𝑡) =
𝜏1𝜏2

𝜏1 − 𝜏2
∗ (

𝑁X(0)2

𝜏EB
) ∗ (exp (−

1

𝜏1
) −

𝜏2

𝜏1
∗ exp (−

𝑡

𝜏2
))  (2.10) 

1

𝜏1
=

2

𝜏X,obs
,    

1

𝜏2
=

1

τBE
+

1

𝜏XXR
+

1

𝜏XXNR
 

As shown in equation (2.10), the number of excitons is composed of two terms. The 

lifetime of biexcitons should be half of that of excitons when the first decay term, 

exp (−
1

𝜏1
) is dominant. On the other hand, when the second term, exp (−

𝑡

𝜏2
) is not 

negligible, the lifetime of biexcitons is no longer half that of excitons. In the cases like 

the quantum well system, due to the small binding energy of biexcitons (~ 2 meV in 

GaAs quantum well), the second term in equation (2.10) is negligible and biexcitons 

show shorter lifetime than that of excitons [26,28]. On the other hand, in WS2/hBN, 

since the binding energy of biexcitons is large enough to avoid decomposition of 

biexcitons into excitons, the second term in equation (2.10) is not negligible. This 

makes the observed long lifetime of biexcitons possible. This is consistent with previous 

reports. Similar tendency of long lived biexcitons are also observed in (Zn, Cd)Se/ZnSe 

quantum wells [29]. 

 

 

3.3. Biexcitonic emission in low excitation power 

We then tried to observe biexcitonic emission at extremely low excitation power. 

Figure 3.6 shows a PL spectrum of WS2/hBN at 81.7 K, using a 2.54 eV CW laser with 
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an input power of 2.8 μW or 240 W/cm
2
. As shown in the figure, biexcitonic emission is 

shown in this energy region. Compared with a previous report, these conditions 

represent an extremely low excitation power (about 18 or 100 times lower than in the 

previous report) [21,22]. 

 

 

Figure 3.6. PL spectrum of WS2/hBN at 81.7 K. 

 

Since the incident power is small, we must estimate the validity of this phenomenon. To 

form a biexciton, two excitons must collide. Then, we must compare the diffusion 

length of an exciton and the average exciton-exciton distance to estimate whether they 

can collide to form biexcitons. We can estimate the diffusion length of an exciton from 

the formula, L = 2(DτEX)
0.5

, where D and τEX represent the diffusion coefficient and the 

lifetime of an exciton (15 ps). D can be estimated from the Einstein relation. Einstein 

relation is given as: D ~ kBT/MΔ [2], where kB, M, and Δ are the Boltzmann constant, 

the translational mass of a neutral exciton (~0.55 m0 at K point), and homogeneous line 

width of neutral exciton (~3.2 meV). At 81.7 K, the estimated value of D is ~ 9.3 cm
2
/s. 
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Then, L was calculated as ~ 240 nm. The average exciton-exciton distance is estimated 

from the carrier lifetime, the exciton generation rate (2.5 x 10
8
/cm

2
), which is calculated 

from the absorption coefficient of WS2 [30], The incident photon energy (2.54 eV), and 

the power (2.8 μW or 240 W/cm
2
); we can estimate the exciton-exciton distance as 420 

nm. This is comparable to the diffusion length of excitons. This indicates that biexcitons 

can exist even at a small excitation power. The small homogeneous line width of the PL 

emission from exciton means that in WS2/hBN, the dephasing time of an exciton is long, 

and makes L longer up to 240 nm even within the short lifetime of an exciton. This long 

L would originate from decreasing the scattering significantly by the roughness of the 

substrate of the ultra-flat WS2 sample in our WS2/hBN.  

Not only the flatness of the substrate, but the small number of localized states and 

free carriers in WS2/hBN also encourage the formation of biexcitons. As shown in 

Figure 3(a), under higher excitation power, PL emission from localized states appeared 

at 1.8~2.0 eV [19] is suppressed. This strongly suggests that the number of localized 

states in our sample is smaller than that in previous reports [19]. Furthermore, as 

already discussed, in our sample, the number of free carriers is small. And this means 

that number of trion formation is reduced. Higher order excitons like biexcitons are 

formed when excitons are collided. And other processes of reducing the number of 

excitons like the formation of trions and localized excitons compete with the formation 

of these higher order excitonic states. The smaller number of localized states thus 

contributes to make observing biexciton states easy in our WS2/hBN samples. The 

difference of this number of free carriers may originate from the substrates which we 

used. As discussed before, on hBN, there are no origin of trap centers such as dangling 

bonds, surface roughness and charged impurities like SiO2/Si [31]. 
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3.4. PL properties of WS2 grown on other substrates 

To compare with WS2/hBN, we synthesized WS2 on SiO2/Si and sapphire (c-plane) 

directly. Figure 3.8(a) and (c) shows the temperature dependence of PL spectra from 

WS2 grown on SiO2/Si and sapphire. The blue shift with decreasing temperature 

originates from a temperature dependent bandgap change, which is also observed in 

WS2 grown on hBN. The peak blue shift and calculated Varshni parameters are shown 

in Figure 3.9 and Table 3.4. As shown in Figure 3.7(b) and (d), although a shoulder is 

seen at around 2.0 eV, WS2 grown on both substrates shows no additional peaks at 81.7 

K. Excitation was done by 2.54 eV CW laser with input power of 240 or 480 W/cm
2
. 
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Figure 3.7. (a): Temperature dependence of PL properties of WS2 grown on SiO2/Si; (b): PL 

spectrum of WS2 on SiO2/Si at 81.7 K; (c) and (d): Those of WS2 grown on a sapphire substrate.  

 

 

Figure 3.8. Exciton peak position and fitting with the Varshni equation (black line). 

 

Table 3.4. Varshni plot. 

Substrate Parameter 

SiO2/Si 

α / eVK
-1

 5.03×10
-4

 

β / K 737 

E(0) / eV 2.01 

Sapphire 

α / eVK
-1

 5.50×10
-4

 

β / K 267 

E(0) / eV 2.07 

 

This could be caused by the surface roughness of the substrate, which prevents excitons 

from diffusing sufficiently to form biexcitons. Thus, they show no additional peaks at 

this temperature. 

 

 

3.5. Conclusion 

In summary, we achieved high-quality WS2 samples by direct CVD growth on hBN. 
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CVD-grown WS2 on hBN exhibits PL emission from excitons, two types of trion, and 

biexcitons at 80 K. The excitation power dependence, lifetime, and circularly polarized 

excitation PL measurements are consistent with biexcitons existing in WS2/hBN. In 

WS2/hBN, biexcitons can exist under an extremely low excitation power of about 240 

W/cm
2
. We believe that this can be achieved with a minimal number of localization 

centers in our samples. These results clearly mean that the direct CVD growth method 

represents an excellent field for exploring novel optical physics in two dimensions. 
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Chapter 4 

4. Fabrication and optical properties of 

hBN-encapsulated WS2/MoS2 van der 

Waals heterostructures 

 

 

 

 

4.1. Introduction 

2D vdW heterostructures, especially those based on the TMDC, offer great 

opportunities for exploring properties at the 2D limit [1-4]. As discussed in Chapter 1, 

TMDC are direct-gap semiconductors, and, because of their large binding energy, 

excitons dominate their optical response [5-7]. Many recent papers have shown that 

TMDC and various 2D materials like graphene and hBN can be fabricated into vdW 

heterostructures with various sequences [8-11]. These various compounds of 2D vdW 

heterostructures suggest that we can design 2D vdW heterostructures with desired 

electronic band structure and physical properties of 2D heterostructures. 

Recent studies of interlayer excitons in type-II vdW heterostructures of TMDC show 

an excellent opportunity to explore the basic physics of two-dimensional excitons and 

the valley degree of freedom of them. As shown in Chapter 1, monolayer 2H-phase 

TMDC have two unequal valleys at the K and K′ points in their electronic band 

structure, and these unequal K and K′ points makes the valley degree of freedom [12]. 

In TMDC with odd numbers of such layers, excitation by circularly polarized light can 
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create photoexcited carriers at the K or K′ points, resulting in valley-polarized 2D 

excitons [12-14]. These valley polarized excitons and carriers in TMDC can also be 

observed in TMDC-based vdW heterostructures like WSe2/MoSe2 and WSe2/MoS2 [1,3]. 

Recent reports of vdW heterostructures based on TMDC with type-II band alignment 

have shown that interlayer excitons—that is, excitons that occur in materials with 

electrons and holes in different layers—can be formed in such systems [2,9,15,16]. 

Compared with intralayer excitons in monolayer TMDC [17-19], interlayer excitons 

tend to have a much longer lifetime (~138 ns) [15] and a longer valley depolarization 

lifetime (~39 ns) [3]. These properties strongly indicate that heterostructures based on 

TMDC with type-II band alignment are excellent platforms for exploring exotic 2D 

excitonic effects and realizing “valleytronics” technologies by controlling the valley 

degree of freedom. 

To explore basic physics of 2D excitons and the possibility for optic and 

optoelectronic applications of a heterostructure based on TMDC with type-II band 

alignment, we need to understand the interlayer excitons that appear in this system. 

TMDC are multivalley semiconductors in which intravalley and intervalley excitons 

(electrons and holes located at the same or different valleys) can be formed by photo 

excitation [13]. In the heterostructures, interlayer interactions can make electronic band 

different. This make the energies of the valence-band maximum (VBM) and the 

conduction-band minimum (CBM) different from that of monolayers [20]. As a result, 

not only K and K′ valleys, other valleys, including Γ and Q or T valleys (point between 

Γ and K point), can contribute to optical transitions [16,21,22]. Furthermore, as shown 

in Chapter 1, stacking angle of heterostructures based on TMDC causes different 

electronic band structures [21,23]. Therefore, various interlayer excitons can occur in 
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vdW heterostructures based on TMDC, and these interlayer excitons can show various 

optical properties [16,24,25]. In previous reports, interlayer exciton peaks in the PL 

spectra of a WS2/MoS2 heterostructure originate from interlayer excitons corresponding 

to K–K (direct transition) and K–Γ transitions (indirect transition) [26]; however, further 

theoretical analysis and spectroscopic characterization and are necessary to determine 

the origin of these PL spectrum.  

Here, we report observations and peak identification of three different PL emissions 

from interlayer excitons in the PL spectra of a WS2/MoS2 heterostructure, which show 

type-II band alignment. To observe fine structures in PL emission from interlayer 

excitons, we use hBN flakes as an overlayer and substrate to form an hBN-encapsulated 

WS2/MoS2 sample, i.e., hBN/WS2/MoS2/hBN (Figure 4.1),  

 

 

Figure 4.1. A schematic image of the hBN/WS2/MoS2/hBN heterostructure. Yellow, magenta, cyan, 

pink, and light-blue correspond to sulfur, tungsten, molybdenum, boron, and nitrogen atoms, 

respectively. 

 

As discussed in Chapters 2 and 3, hBN is an atomic layered dielectric material 
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without dangling bonds on its surface, and it can protect WS2/MoS2 from substrate 

effects such as inhomogeneous broadening of optical transitions, which is caused by  

some substrate effect like charged impurities and surface roughness [27]. In addition, 

we have fabricated the heterostructures with controlled the stacking angle, which has 

important effects on its properties. As previously mentioned, the electronic band 

structure of WS2/MoS2 strongly depends on its stacking angle. Therefore, controlling 

the stacking angle of heterostructure is very important to assign the origin of interlayer 

excitons. In general, the dry-transfer method with TMDC crystals which obtained by the 

mechanical exfoliation method and CVD growth method are used to fabricate these 

vdW heterostructures [2,9]. In general, exfoliated samples, which are generally used in 

the typical dry-transfer method, enable control of the stacking angles in the stacking 

sequence [3]; however, estimating their crystallographic orientation is difficult. In 

previous studies, second-harmonic-generation microscopy has been used to determine 

the crystallographic orientation of exfoliated samples [3]. By contrast, in CVD-grown 

TMDC samples, their crystallographic orientation can be estimated from their crystal 

shape [28,29]; however, their stacking angle cannot be controlled. In the present work, 

we developed a new and simple method: direct peeling off and dry transfer of 

CVD-grown samples. We estimated the crystallographic orientation of WS2 and MoS2 

obtained by CVD growth by optical microscopy; by transferring the samples through 

the dry-transfer method, we successfully fabricated stacking-angle-controlled 

heterostructures. Typical PL spectrum of hBN/WS2/MoS2/hBN with a stacking angle of 

~60° shows three peaks at 1.3 to 1.7 eV at room temperature. By comparing the results 

of time resolved PL intensity and PL excitation (PLE) measurements and theoretical 

calculations, we concluded that the three peaks originate from (1) K–K interlayer 
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excitons (direct transition), (2) Q–Γ interlayer excitons (indirect transition), and (3) K–Γ 

interlayer excitons (indirect transition). These results play an important role for 

understanding the optical and optoelectrical physics of TMDC-based vdW 

heterostructures. 

 

 

4.2. Fabrication 

As previously mentioned, we developed a new method for fabricating vdW 

heterostructures. First, we grew WS2 and MoS2 crystals on sapphire and hBN, 

respectively. We then used these crystals to fabricate hBN/WS2/MoS2/hBN 

heterostructures through the dry-transfer method. 

 

 

4.2.1. CVD growth 

WS2 crystals were grown on sapphire (c-plane or the (0001) surface) through the 

CVD growth method. A schematic of the CVD setup is shown in Figure 4.2. 

Before CVD growth, we deposited pure tungsten (Nilaco, 99.98%) onto the sapphire 

substrate partially by sputtering (Sanyu Electron SC-701 MkII Advance). Then, we 

deposited elemental sulfur (Sigma-Aldrich, 99.98%) onto the W-coated substrate in a 

quartz tube. With the samples under Ar flowing at 400 sccm, the quartz tube was heated 

for 60 min in a three-zone furnace with the three zones at 221, 400, and 900 °C. The 

sulfur and substrate were placed in the coldest and hottest zones, respectively.  
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Figure 4.2. Setup for CVD growth of WS2/sapphire. 

 

Figure 4.3 shows a typical optical microscope image (Leica DM 2500 M) and PL 

spectrum (obtained using a Renishaw InVia Raman microscope) of grown WS2 at room 

temperature. Excitation was performed using a 2.54 eV continuous-wave (CW) laser 

(COHERENT Sapphire 488 LP). The PL emission spectrum with a single peak at 

approximately 2 eV strongly indicates that the obtained WS2 crystal was a monolayer 

[29]. 

 

 

Figure 4.3. (a) A typical optical image of WS2 on sapphire; (b): the PL spectrum of obtained 

WS2 crystal shown in (a). 

 

Second, we grew monolayer MoS2 by the CVD method using elemental sulfur 

(Sigma-Aldrich, 99.98%) and molybdenum (VI) oxide (MoO3, Sigma-Aldrich, 99.5%) 

as precursors. As a substrate for the CVD growth of monolayer MoS2, by the 
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mechanical exfoliation method, we prepared thin hBN flakes on a quartz substrate. All 

hBN flakes were synthesized by the HPHT method [30]. A schematic image of the CVD 

setup is shown in Figure 4.4. 

 

 

Figure 4.4. A schematic image of CVD growth. 

 

We putted sulfur, MoO3, and quartz substrate with hBN flakes in a quartz tube. We 

putted MoO3 in an inner quartz tube (inner diameter was 10 mm) to avoid sulfurization. 

With Ar flowing at 200 sccm, we heated the quartz tube for 20 min in a three-zone 

furnace with the three zones at 200, 750, and 1,100 °C. An optical image and 

room-temperature PL spectrum of the obtained MoS2 are shown in Figure 4.5.  

 

 

Figure 4.5. (a): A typical optical image of MoS2 on sapphire. Hexagonal-shaped contrasts 

correspond to MoS2 flakes; (b): the PL spectrum of the obtained MoS2 crystal shown in (a). 

 



86 

The obtained MoS2 crystal shows strong, single-peak PL emission around 1.89 eV, 

indicating that the grown MoS2 is a monolayer [31]. 

 

4.2.2. The dry transfer method 

Finally, we fabricated the heterostructures. We used a homemade micromanipulation 

system (with SIGMAKOKI stepper motors) with an optical microscope to fabricate the 

heterostructures (Figure 4.6). A schematic of the fabrication method is shown in Figure 

4.7. 

 

 

Figure 4.6. A photograph of the homemade micromanipulation system. 

 

 

Figure 4.7. A schematic of the fabrication procedure. 

 

First, hBN flakes, which we used as a top layer, were prepared on heavily p-doped 

100 nm SiO2/Si substrates using the mechanical exfoliation method. At first, we picked 
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the hBN flakes on the SiO2/Si substrate up on by PMMA (Microchem 495 PMMA 

A11)/PDMS (Shin-Etsu Silicone KE-106) film on a glass slide. Then, we picked a 

monolayer WS2 flake grown on a sapphire substrate up with the hBN/PMMA/PDMS 

film. Then, we transferred prepared stacked structure, WS2/hBN/PMMA/PDMS, onto a 

MoS2/hBN on a quartz substrate to fabricate a hBN/WS2/MoS2/hBN. To make good 

interlayer contact, we heated all of the substrate during the transfer process. Finally, we 

removed the PMMA/PDMS film from the fabricated heterostructure by cooling the 

substrate. After fabricating samples, we heated samples at 200 degree over 10 hours 

under ~10
-3

 Pa. 

In this chapter, unless otherwise specified, all measurements were performed on 

hBN/WS2/MoS2/hBN samples with a stacking angle of 60° (like 2H stacking of a 

homobilayer). 

 

 

4.3. Optical properties of hBN/WS2/MoS2/hBN at room 

temperature 

To estimate whether the interface between WS2 and MoS2 was clean, we 

characterized some basic optical properties of the hBN/WS2/MoS2/hBN heterostructure. 

In this section, we report the Raman and PL spectra of the fabricated heterostructures 

and discuss the interface between WS2 and MoS2. 

 

 

4.3.1. Raman spectrum and PL image 

Figure 4.8 shows a typical Raman spectrum of heterostructures measured at room 

temperature using 2.54 eV CW laser excitation (Horiba Jovin Yvon LabRAM HR-800 
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with COHERENT Sapphire 488 LP). The spectrum in Figure 4.8 shows four main peaks 

at 356.7 (with a shoulder at the low-frequency side), 384.6, 405.7, and 418.6 cm
−1

. 

These peaks are consistent with the Raman mode of monolayer MoS2 and WS2, 

assigned as E′ and A′1 mode [32-34]. Shoulder of the E′ mode of the WS2 originates 

from 2LA(M) mode. 

 

 

Figure 4.8. Typical Raman spectrum of hBN/WS2/MoS2/hBN at room temperature. 

 

Because WS2/MoS2 heterostructures are indirect-gap semiconductors as a consequence 

of their interlayer coupling and due to the charge transfer, their PL intensity is weaker 

than those of monolayers [35,36]. As shown in the PL image obtained using a 

fluorescence microscope (Leica TCS SP8 gSTED, excitation by a supercontinuum laser 

operating at 2.54 eV) (Figure 4.9), PL emission from the stacked region is quenched, 

which indicates that strong interlayer coupling exists. Thus, the interface between WS2 

and MoS2 in the fabricated heterostructure is sufficiently clean to couple these two 

layers. 
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Figure 4.9. PL image of hBN/WS2/MoS2/hBN at room temperature. This image combines a 

transmission bright-field image (monochrome) as well as 1.97–2.07 eV (magenta, PL emission 

from monolayer WS2) and 1.71–1.91 eV (cyan, PL emission from monolayer MoS2) detection. 

The magenta and cyan lines show the edges of WS2 and MoS2 crystals, respectively. 

 

The aforementioned strong interlayer coupling is also observed in the low-frequency 

Raman spectrum. Figure 4.10 shows the low-frequency region of the Raman spectrum 

collected at room temperature.  

 

 



90 

Figure 4.10. The low-frequency Raman spectrum of hBN/WS2/MoS2/hBN collected at room 

temperature. 

 

As shown in the figure, the shear and breathing interlayer vibrational modes [35] are 

clearly observed at 23.7 and 35.5 cm
−1

, respectively. These interlayer modes require 

strong layer–layer coupling in WS2/MoS2, thus indicating that the interface between the 

monolayers is clean [37]. Therefore, the full dry-transfer method we used can produce a 

clean heterostructure interface. 

 

 

4.3.2. PL spectrum 

To further characterize the hBN/WS2/MoS2/hBN heterostructure, we recorded the 

PL spectrum at room temperature using 2.54 eV CW laser excitation (Renishaw InVia 

Raman microscope and COHERENT Sapphire 488 LP). The obtained spectrum is 

shown in Figure 4.11. 
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Figure 4.11. Room-temperature PL spectra of hBN/WS2/hBN, hBN/WS2/MoS2/hBN, and 

hBN/MoS2/hBN heterostructures. 

 

In Figure 4.11, PL emissions from intralayer excitons in the WS2 and MoS2 samples 

are observed at 2.00 and 1.88 eV, respectively [29,31]. In addition, the PL spectrum of 

the heterostructure shows additional PL peaks at energies substantially lower than those 

of intralayer excitons, which range from 1.3 to 1.7 eV. These additional peaks are 

observed only in the spectra of the heterostructure samples [9,26], and we hypothesize 

that these PL emission are originate from interlayer excitons. 

 

 

4.4. Identification of interlayer excitons from hBN/WS2/MoS2/hBN  

4.4.1. Peak deconvolution 

Figure 4.12 shows the lower-energy side of the the hBN/WS2/MoS2/hBN 

heterostructure, with the peaks deconvoluted. Deconvolution of the peaks revealed three 

peaks at 1.63, 1.52, and 1.44 eV. We referred to as I1, I2, and I3 in the following 

discussion, respectively. 
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Figure 4.12. PL spectrum of the hBN/WS2/MoS2/hBN heterostructure with deconvolution, with an 

excitation energy of 2.33 eV. We modeled the contributions from I1, I2, and I3 using Voigt functions, 

which are plotted at green, orange, and red curves, respectively.  

 

 

4.4.2. PL diffusion 

In this spectral region, there is possibility that these features are from bound 

excitons which trapped at defect sites or impurities. To exclude the possibility of this, 

we measured the diffusion lengths of exciton by taking PL images captured at room 

temperature using a homemade PL measurement system equipped with a 

supercontinuum laser system (NKT Photonics SuperK EXTREME). The beam from the 

supercontinuum laser was monochromated by a spectrometer (Princeton Instruments 

SP2150i). Detection was carried out by an electron-multiplying charge-coupled device 

sensor (Princeton Instruments). Since bound excitons are localized around defects or 

trapped centers, the diffusion length of these bound excitons should be nearly zero. On 

the other hand, free excitons can diffuse even micrometers [38,39]. Figure 4.13 (a), (c), 

and (e) show a PL image of I1, I2, and I3 in WS2/MoS2. Figure 4,13 (b), (d), and (f) show 

corresponding cross-sectional profile, respectively. The inset of Figure 4.13 (a), (c), and 

(e) is an image of the excitation laser beam. Its corresponding cross-section profile is 

also shown in Figure 4.13(b), (d), and (f); the excitation energy was 2.43 eV. 
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Figure 4.13. (a): A typical PL image of I1 in the hBN/WS2/MoS2/hBN heterostructure. 

Excitation was done by a 2.43 eV light at a power density of 1.5 μJ/cm
2
. The white dotted line 

shows the edge of the sample. The inset shows the image of incident laser beam; (b): 

Cross-sectional profile of the PL image of the hBN/WS2/MoS2/hBN heterostructure and 
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excitation laser (impulse response function (IRF)) for I2 ((c) and (d)) and I3 ((e) and (f)). 

 

Figure 4.13 clearly shows that all of the PL images are broader than the 

corresponding excitation laser beam. This strongly suggests that photo excited excitons 

diffuse along the heterostructures. The broadening of the PL images is not only from 

exciton diffusion but also from the diffraction limit and the laser spot size of the sample. 

We fitted the cross sectional profile of the PL images under approximation of 2D 

diffusion with the following diffusion equation with a decay term: 

𝜕

𝜕𝑡
𝑁(𝑥, 𝑦, 𝑡) = 𝐷 (

𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
) 𝑁(𝑥, 𝑦, 𝑡) −

1

𝜏
𝑁(𝑥, 𝑦, 𝑡)  (4.1) 

where N(x,y,t), D, τ, t, and x correspond to the number of excitons, the diffusion 

constant of interlayer excitons, the corresponding lifetime of the interlayer excitons, 

time, and position, respectively. The only unknown parameter in this equation is D 

because τ can be determined by time-resolved PL measurements (see Section 4.4.4). 

Assuming that the number of excitons is proportional to the PL intensity in the obtained 

PL images (I(x)), solving this equation give us the value of D. Assuming that initial 

condition is given as broadening from the diffraction limit and the laser spot, which can 

be modeled as a Gaussian function, σ
2
 = σsize

2
 + σdiff

2
. Parameter of the spot size of 

excitation laser σsize can be directly measured from the image of the excitation laser spot. 

And diffusion from diffraction limit σdiff is approximated as 0.21λ/NA, where λ and NA 

correspond to the wavelength of PL and numerical aperture of the objective lens, 

respectively [40]. We solved equation (4.1) numerically; we used values of λ = 1.6, 1.5, 

and 1.4 eV for I1, I2, and I3 respectively as well as NA = 0.7. We obtained D values of 50, 

15, and 30 cm
2
/s for I1, I2, and I3, respectively. The diffusion length 𝐿 = √𝐷𝜏 of I1, I2, 

and I3 can be calculated as 760, 560, and 850 nm, respectively, which are consistent 
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with mobile electrons but not with bound excitons. 

 

 

4.4.3. DFT calculations 

We calculated the electronic band structure of WS2/MoS2 heterostructures using 

DFT to assign the origin of the I1–I3 peaks. We used a stacking angle of 60° in these 

calculations.  

 

   

Figure 4.14. The band structure of the WS2/MoS2 heterostructure calculated through DFT. Color 

scale corresponds to the contribution of the each layers. 

 

As shown in the obtained band structure (Figure 4.14), VBMs are located at the Γ 

point which originates from MoS2 and WS2, whereas CBM is located at the K point 

which originates from MoS2. This structure suggests that after relaxation, photoexcited 

carriers should form interlayer excitons in this heterostructure. In this system, four 

valleys, the valleys located at the K and Q points in the conduction band and the valleys 
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located at the K and Γ points in the valence band can contribute to optical transitions. 

Spectral shape of I1–I3 indicates the origin of them. Table 4.1 lists the FWHM and ratio 

of Gaussian component and Lorentzian component of I1–I3. Peak fitting was done using 

Voigt functions.  

 

Table 4.1. FWHM and ratios of the Gaussian and Lorentzian components of interlayer excitons 

fitted with Voigt functions. 

Peak FWHM/meV Ratio of Gaussian/Lorentzian FWHM 

I1 27 3.7× 10
−1

 

I2 123 2.8 

I3 69 6.3 

 

As shown in Table 4.1, the FWHM and the ratio of Gaussian component and 

Lorentzian component of I2 and I3 are much larger than those of I1. This difference 

strongly indicates that a broadening factor is associated with the I2 and I3 peaks like 

phonon emission and absorption. And considering the energy differences between the K, 

Γ, and Q valleys, we conclude that I1, I2, and I3 originate from K–K direct transition, Q–

Γ indirect transition, and K–Γ indirect transition, respectively. 

To obtain more information of the origin of these interlayer excitons, we calculated 

the imaginary part of the dielectric function for monolayer WS2, MoS2, and the 

WS2/MoS2 heterostructure (Figure 4.15).  
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Figure 4.15. Calculated imaginary part of the dielectric functions of monolayer WS2 (top), MoS2 

(bottom), and heterostructure (middle). Vertical bars denote oscillator strengths at transition 

energy. 

 

To determine the electron–hole interactions and the quasiparticle energies in these 

excitonic systems correctly, we solved the Bethe–Salpeter equation with G0W0. Peaks in 

Im(ε) would be appeared in the absorption spectra of materials. Calculated A exciton 

peak in monolayer WS2 and MoS2 is appeared at ~2.0 and ~1.85 eV. These values are 

very similar to the PL emission from intralayer excitons (Figure 4.11). 

We also calculated binding energies for the A exciton peak. The values of them are 

~0.45 and ~0.55 eV for WS2 and MoS2, respectively. In addition, the calculated peak 

positions of the B and C excitons consistent to those in previous reports [41,42]. 

Absorption spectrum and oscillator strength of the heterostructure which we calculated 

shown in Figure 4.15 is not simply a superposition of the those of the monolayer WS2 

and MoS2. The peak positions in the spectrum of the heterostructure are slightly shifted 



98 

compared to those in the spectra of the individual WS2 and MoS2 monolayers. Also, the 

obtained absorption spectrum for the heterostructure shows the feature from the 

interlayer transitions. An interlayer excitonic transition is observed in Figure 4(b) at 

1.79–1.80 eV. This interlayer transition peak was also appeared in a previous study on 

the calculating optical transition of the heterostructures [42]. Since electrons and holes 

are separated spatially, overlap of the wave functions of hole and electron are small. 

Then, the oscillator strength which we calculated of this interlayer exciton transition is 

only 1.3% of that of the exciton transition from intralayer excitons in MoS2. And we 

calculated a quasiparticle bandgap of the heterostructure. Obtained bandgap is 2.06 eV, 

and we estimated the interlayer exciton binding energy of 0.27 eV. This value is a 

similar to that of the A excitons of WS2 and MoS2.  

The obtained absorption spectrum of interlayer excitons in our calculation is 

blue-shifted than that of observed in the experimental result (Figure 4.11). The shift is 

most likely due to the Franck–Condon (FC) shift in the heterostructure. In the 

heterostructures, FC corrections are not negligible unlike those of monolayers. In 

previous studies, a significant FC shift is observed in the MoS2/WSe2 heterostructure 

experimentally [43]. Our calculations confirm this result. To calculate the FC shift 

associated with the interlayer excitation of an electron from WS2 to MoS2, we used the 

constrained-occupation DFT (cDFT) method [44,45]. Figure 4.16 shows a standard 

protocol. 
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Figure 4.16. A schematic of the FC shift in the heterostructure. The red and blue parabolic 

curves correspond to the total adiabatic state energy (electronic + vibration) vs. the 

configurational coordinate for the excited and grand states, respectively. The square boxes at 

right of the state represent the occupancy of the conduction and valence bands in WS2 and MoS2, 

respectively. The mechanism of recombination is following: 1) The ground-state electron (e
−
) 

(point A) is excited from WS2 to MoS2, leaving a hole (h
+
) in WS2 (point B); 2) e

−
 are relaxed 

into point C; 3) The e
−
 from MoS2 recombined with the h

+
 in WS2 by emitting a photon (point 

D).  

 

At the excited electronic state, h
+
 and e

−
 are separated on WS2 and MoS2, 

respectively. This was calculated by fixing the occupation of the bands using cDFT. The 

configuration coordinate diagram was obtained by relaxing positions of the nuclei after 

the band occupation was fixed in the excited and ground states. The value of FC shift is 

given by the energy difference between emission (EC − ED) and absorption (EB − EA). In 

our calculations, 0.12 eV of a FC shift was obtained. Therefore, in our calculations, the 

interlayer emission peak would be appeared at 1.68 eV. This value of emission peak is 

well match with the experimental result, the I1 peak is appeared at 1.63 eV (Figure 4.11). 

This result demonstrates the interlayer origin of the transition. Thus, to describe the 

emission spectra of interlayer excitons correctly, the FC shift must be considered. And 



100 

in this calculation, only direct transitions are represented. This means that in the 

calculated optical spectrum of WS2/MoS2, direct interlayer transition would be appeared 

at single peak around 1.68 eV. This result is consistent with our assignment that I1 arises 

from direct transitions, whereas I2 and I3 originate from indirect transitions. 

 

 

4.4.4. Time resolution of PL 

Then, we measured time-resolved PL intensities of interlayer excitons at room 

temperature. Figure 4.17 plots the results. 

 

 

Figure 4.17. Time-resolved PL intensities of I1, I2, and I3 of hBN/WS2/MoS2/hBN; the dashed 

line corresponds to the IRF. 

 

For time-resolution PL measurement, we used the time-correlated single-photon 

counting module (Becker and Hickl SPC 130) and a supercontinuum laser (NKT 
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Photonics SuperK EXTREME) as a light source. We obtained lifetimes of I1 (τ1), I2 (τ2), 

and I3 (τ3) as 87 ± 3, 118 ± 3, and 132 ± 4 ps, respectively by fitting the experimental 

data to a double-exponential model. Thus, τ1 is shorter than τ2 and τ3. This result is 

consistent with previous peak assignment that direct interlayer excitons should have 

shorter radiative decay lifetimes [16]. The obtained lifetime is about 100 picoseconds at 

room temperature. This value is shorter than the lifetime of interlayer excitons which 

previously reported at low temperatures in other heterostructures like MoSe2/WSe2 

[2,15,16]. In previous studies, the PL lifetime of interlayer excitons depends on 

temperature strongly, and at high temperatures, the lifetime is shorter than the that of 

low temperature [15,16]. Thus, our result about the lifetime is consistent with the results 

which previously reported. 

The results of time-resolved PL intensity of interlayer excitons in another sample is 

shown in Figure 4.18. 
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Figure 4.18. Time-resolved PL intensities of I1, I2, and I3 of hBN/WS2/MoS2/hBN; the dashed 

line corresponds to the IRF. 

 

 The obtained lifetimes of I1 (τ1), I2 (τ2), and I3 (τ3) are 116 ± 7, 210 ± 13, and 

243 ± 12 ps, respectively. We used this value for calculating diffusion coefficient 

(Section 4.4.2) 

 

4.4.5. PL excitation spectrum 

By observing the PL excitation, further information of the interlayer nature of the 

aforementioned peak can be confirmed. Figure 4.19 shows the result of PLE intensity, 

which is measured at 40 K. 

 

 

Figure 4.19. PLE plot of hBN/WS2/MoS2/hBN heterostructure at 40 K with an excitation 

power of 0.52–0.90 μJ/cm
2
. Peaks with intensity of over 8000 counts are colored as red. 

 

The obtained PL spectra strongly depend on the excitation energy. The region in PL 
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emission between 1.50-1.62 eV in Figure 4.18 (marked in red) shows the excitation 

energy dependence of PL emission from a mixture of I2 and I3. In this spectral region, 

there are three peaks at excitation energies of about 2.1, 2.25, and 2.47 eV. This is 

shown in Figure 4.20(a). These three peak positions match the circled regions labeled I, 

II, and III in the calculated absorption spectra of the heterostructure (Figure 4.15). 

These three regions are the point where absorption resonance occurs in the 

heterostructure, and these resonances would be appeared as peaks in the PLE spectrum. 

Comparing these regions with individual monolayers reveals that region I corresponds 

to excitation in MoS2 B excitons and WS2 A excitons. On the other hand, regions II and 

III match with dominant excitations only in MoS2 and WS2 B excitons, respectively. 

The intensity at Region I is stronger than the region II and III because both monolayers 

are excited. This difference explains the difference in intensity of these three PLE 

peaks in Figure 4.19. Because charge transfer in MoS2/WS2 is very fast and holes can 

transfer to WS2 when MoS2 is excited and vice versa, for electrons if WS2 is excited 

[36,46]. Then, even if individual monolayers are excited selectively, interlayer excitons 

will form. Therefore, interlayer excitons must show emissions in all three (I, II, and III) 

excitation regions. Thus, because this shows PL intense in all three excitation regions 

in PLE plot (Figure 4.20(a)), the emission at 1.50–1.62 eV is from PL emission of 

interlayer exciton. On the other hand, PL emission from I1 (at approximately 1.73 eV) 

also shows a similar tendency. In PL emission from I1, excitonic resonance is appeared 

but intensity at higher-energy excitation is weaker than that of I2 and I3 (Figure 

4.20(b)). 
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Figure 4.20. (a): Integrated PL intensity of the interlayer exciton peaks of I1 (1.70–1.765 eV) 

and mixture of I2 and I3 (1.50–1.62 eV) as well as (b): calculated joint density of states (JDOS) 

of an WS2/MoS2 heterostructure from DFT calculations. Some absorption peaks cannot be 

captured by a single-particle description of ε2 such as RPA because some peaks are form 

exciton’s excited states. 

 

To get insights into relaxation pathways of photo excited carriers we also calculated 

the joint density of states (JDOS). Figure 4.20(b) shows the result and this corresponds 

to the band structure in Figure 4.14. To match the average difference between the 

bandgap of WS2 and MoS2 at the K point and the positions of the A exciton emission 

from WS2 and MoS2 which appear at 2.07 and 1.94 eV, respectively (Figure 4.21), it has 

been shifted upward by 0.39 eV. Given the size of the sample, the PL emission from 

MoS2 is quite weak compared with that from WS2. 
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Figure 4.21. PL spectrum arising from intralayer excitons in hBN/WS2/MoS2/hBN. 

 

Comparing these three spectra, only the peak which appeared at highest energy region 

in the PLE spectrum matched by the feature in the JDOS (Figure 4.20). This result 

indicates that in the absorption properties of the WS2/MoS2 heterostructure, excitonic 

effects play an important role. Then, these properties of the heterostructure cannot be 

modeled appropriately with single particles. The peak in the JDOS plot appeared at 2.5 

eV is from a band-nesting effect. In this region, PL intensity from indirect excitons 

shows a pronounced peak. However, intensity of I1 in this energy region is weaker than 

those of indirect excitons (Figure 4.20(a)). This result suggests that in this region, 

formation of indirect excitons is more efficiently than those of direct excitons. When in 

the band-nesting region, photo excited holes and electrons relax in opposite directions in 

k-space. Then, these carriers may form indirect excitons [47]. This effect may explain 

the observed difference of the PLE intensity between direct and indirect interlayer 

excitons. 
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4.4.6. PL spectrum of WS2/MoS2 with different stacking angles 

We also prepared heterostructure samples with stacking angle with 0° and 30°. In 

these samples, the peak positions and appearance of I1–I3 depend on the stacking angle 

(Figure 4.22). 

 

 

Figure 4.22. Room-temperature PL spectrum of hBN/WS2/MoS2/hBN with stacking angles of 

(a): 0° and (b): 30°. 

 

The peak position in the PL spectrum of the samples with a stacking angle of 0° is 

similar to those of samples with a stacking angle of 60°. However, with a stacking angle 

of 30°, the sample shows a large blue shift (~100 meV) than those of 0° or 60°. This 

large blue shift in the peak position of PL is likely caused by a change in the interlayer 

distance between WS2 and MoS2 by the stacking angle. Modification of the stacking 
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angle, the interlayer distance can be changed. And this change reduces interlayer 

coupling in the heterostructure, and modify the energy of the VBM at Γ points and 

energy gap between K and Γ point [21,23]. When the stacking angle is different from 0° 

or 60°, the peak energy of the VBM at the Γ point is reduced. This causes modulation of 

PL peak from indirect excitons (I2 and I3) which originate from transition from Q or K 

point to Γ point. Then, I2 and I3 in should show blue shift than those in the sample with 

a stacking angle of 0° or 60°. In addition, due to the large stacking angle, I1 transition 

changes from direct transition to indirect transition [24]. Then, in the sample with a 

large stacking angle, the I1 peak is absent. These results are consistent with our 

hypothesis that these peaks originate from interlayer excitons and with our assignment. 

 

 

4.5. Conclusion 

In summary, we have developed a method for fabricating stacking angle controlled 

hBN-encapsulated WS2/MoS2 heterostructures. Our method is based on the combination 

of CVD growth method and full-dry-transfer technique. This method enables us to 

fabricate the clean interface between the layers of heterostructures. The fabricated 

hBN/WS2/MoS2/hBN heterostructures show PL emission not only PL peaks from 

intralayer but also from interlayer excitons. The PL peak from interlayer excitons can be 

deconvoluted into three peaks. We succeeded to observe these peaks because the hBN 

encapsulation make heterostructure with ideal environment and clean interface, which 

suppressed inhomogeneous broadening of the PL spectra. Theoretical analyses and PL 

properties measurements revealed that these three PL emissions originate from K–K 

(direct) interlayer transition and Q–Γ and K–Γ (indirect) interlayer transitions, 
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respectively. Our results suggest that vdW heterostructures composing multivalley 

systems like WS2/MoS2 can show PL emissions from various interlayer excitons. And 

these various interlayer excitons may have different decay lifetimes, dispersion lengths, 

and valley depolarization lifetimes. To develop the valleytronic devices based on vdW 

heterostructures composed of TMDC, controlling these specifications has important 

implications. 
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Appendix 

DFT calculations in Chapter 4 

We used Vienna Ab Initio Simulation Package (VASP) to perform first-principles 

DFT calculations [1]. To represent ion-electron interactions, we used all-electron 

projector augmented wave potentials [2]. To account for the electronic exchange and 

correlation, the generalized gradient approximation (GGA) parameterized by 

Perdew-Burke-Ernzerhof (PBE) [3] functional were used. The wave functions were 

expanded in a plane-wave basis with an energy cut-off of 500 eV. The structure was 

relaxed until the components of Hellmann–Feynman forces on the atoms were less than 

10
−4

 eV/Å. We obtained lattice constant of 3.18 Å for both WS2 and MoS2. The stacking 

order of heterostructure was constructed from the primitive cells of WS2 and MoS2 with 

stacking similar to that observed in 2H-MoS2 (AA´ stacking). In all of the calculations, 

a vacuum of 20 Å was used. The interlayer spacing in the heterostructure was optimized 

using the optB86b-vdW [4] functional. We used this to account for dispersion 

interactions approximately. Then, we obtained a interlayer distance value of 6.24 Å. In 

all of the calculations, spin–orbit coupling was included. We used the single-shot G0W0 

procedure together with a solution of the Bethe–Salpeter equation in the Tamm–Dancoff 

approximation to calculate the optical spectra [5,6]. This technique correctly accounts 

for the electron–hole interaction. This interaction is indispensable to obtain an accurate 

excitonic spectrum. To sample the Brillouin zone for a heterostructure and both 

monolayers, we used Γ-centered grids of 15 × 15 × 1 and 18 × 18 × 1, respectively. A 

total of 280 bands, which included 224 empty bands, were used for the heterostructures, 
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whereas 182 bands with 156 empty bands were included for monolayers. To obtain a 

converged optical spectrum, these parameters were optimized. 
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