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Abstract 

Two dimensional transition metal dichalcogenides are of great interests during the past decade. 

The broken inversion symmetry in monolayer TMDs leads to two degenerate but inequivalent 

valleys K and K [1, 2]. Together with strong spin-orbit coupling which split the band edge 

states, K and K have opposite spin characters that make it possible to selectively excite the 

carriers within a particular valley using circularly polarized light [3-5]. Lifting the valley 

degeneracy is very important, since it would allow for control of valley polarization by electric 

field for memory and logic application [6-9]. In this thesis, I demonstrate that by using an 

exchange field from ferromagnetic substrates, the valley splitting of TMDs such as WSe2 and 

WS2 can be strongly enhanced. 

In the present thesis, the first chapter will be on the synthesis of 2D TMDs. We first study the 

synthesis of high quality TMDs using a modified chemical vapor deposition (CVD) method. 

Different from the traditional CVD method, we pre-deposited MoO3 or WO3 onto sapphire 

substrates using electron beam (e-beam) deposition [10]. Then, the substrates with the oxide 

layer and S or Se powder were loaded into different zones of a tube furnace with different 

temperature. A N2/H2 gas mixture (forming gas) were used as the carrier gas. H2 will help to 

accelerate the reaction rate leading to larger single crystal samples. By this way we can get 100 

µm sized samples with high optical quality, as evidenced by strong excitonic emission with 

peak width comparable to that of exfoliated samples. 

We then investigate exchange field induced valley splitting in TMD/ferromagnetic 

heterostructures, using the ferromagnetic insulator EuS as the magnetic substrate. Since Eu2+ 

has large magnetic moment (Sz = 7µB) and large exchange coupling ( J = 10 meV), which will 

lead to a large magnetic exchange field (MEF) [11, 12]. We use magnetic reflectance 

measurement to detect the valley splitting of WSe2 on EuS and WS2 on EuS. Valley splitting 

for WSe2(WS2) A exciton on Si/SiO2 is ~1.5meV(1.5meV), while it is 4meV(-20meV) for 
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samples on EuS substrate in 7T 7K. And the slope of valley splitting vs. magnetic field at low 

field is enhanced by more than an order of magnitude, suggesting strong exchange coupling 

between TMDs and EuS. Moreover, opposite signs of valley splitting were observed for WSe2 

and WS2. At the same time, we measured the B exciton valley splitting of WSe2 on EuS, which 

also shows a sign reversal from the splitting of A exciton. A theoretic model is established to 

explain how the bands are shifted under the exchange field of EuS. It is found that surface 

terminations and band alignment play critical roles in determining the magnitude and sign of 

valley splitting. 
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Chapter 1. Introduction 

1.1 Two dimensional transition metal dichalcogenides 

Two-dimensional materials have been known for the past decades. The most famous 2D material is 

graphene, which is a single atomic layer of graphite. Graphene has many properties that attract people’s 

attention, such as strong mechanical strength (between 100-300 times stronger than steel and with an 

ultimate tensile strength of 130,000 MPa), high mobility (studies have shown electron mobility at values of 

more than 200,000 cm 2·V-1·s-1), and thermal conductivity (at (4.84±0.44) × 103 to (5.30±0.48) × 103 

W·m−1·K−1) [13]. Some more notable properties are its uniform absorption of light across the visible and 

near-infrared parts of the spectrum and its potential suitability for use in spin transport [13]. Extensive 

efforts have been devoted to industrial research of graphene, including their applications as transparent 

conducting films for stretchable screens and as additives in battery electrodes to improve their electric and 

thermal conductivity. 

(b)(a) 

Figure.1.1: Schematics of (a) crystal lattice structure of graphene and (b) 3D Band structure of graphene 
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near the Dirac point of the Brillouin zone [14]. 

Despite all of those great properties, graphene has its own drawbacks for electronic applications. Gapless 

band structure of graphene makes it difficult to fabricate graphene based transistors or LED devices with 

large on/off ratio. As More’s Law approaches its ultimate limit, it is important to find new types of materials 

that possess semiconducting behavior. Two dimensional transition metal dichalcogenides (2D-TMDs) 2D 

materials with direct band gap start to attract people’s attention. 

TMDs typically consist of two elements, as described by its name, transition metals and chalcogens. If we 

combine all the transition metals and chalcogens, we will get a large family of different types of TMDs. 

Some are superconductors: e.g. VS2, NbSe2; some are metals: e.g. ScTe2, TaS2; some are semimetals: e.g. 

WTe2 and some are semiconductors: e.g. WS2 , WSe2, MoS2, MoSe2. In our studies, we are focusing on the 

semiconductor family. 

Bulk TMDs are layered semiconductors of the type MX2, with a layer of transition metal atom M (W, Mo, 

etc.) sandwiched by two layers of chalcogen atoms X (S, Se or Te) (Figure.1.2 (a)). If we look at the crystal 

from the top, it shows a honeycomb lattice structure (Figure.1.2 (b)). Each atomic layer of chalcogens or 

transition metals also form a hexagonal plane. Different layers of TMDs are bound together vertically by 

van der Waals attraction. While different stacking orders between each layers will lead to different phases 

such as 2H, 3R and 1T. Among them, 2H phase is the most stable one and can be found in the natural 

environment. Most experimental and theoretical research is on 2H TMDs [15-17]. 
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  (b)(a) 

Figure.1.2: (a) Schematics of crystal structures of monolayer TMDs; transition metal atoms are sandwiched 

by chalcogen atoms. (b) Top view of crystal structure of monolayer TMDs; honeycomb lattice where both 

chalcogen atoms and transition metal atoms are in hexagonal structure. 

The electronic structures of TMDs have strong correlation to its layer thickness. When the bulk TMDs gets 

thinner and thinner, and finally becomes a monolayer, band structure of the materials will have significant 

changes. As shown in Figure.1.3 (a), for bulk MoS2, the top of valence band locates at high symmetry Γ 

point while the bottom of conduction band locates at a point that is between K and Γ. On the other hand, 

for monolayer MoS2, maximum of valence band and minimum of conduction band both lie on K point in 

the first Brillouin zone (Figure.1.3(a)) [18]. At the same time, the band gap gradually increases as layer 

thickness reduces because of quantum confinement effect [19]. This will lead to a direct band gap with 

higher energy, which lies in the visible range, and makes it potentially useful for optics and optoelectronics 

applications [3-5, 20]. 

3 
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Fig 1.3: (a) Electronic band structure of bulk MoS2 (left) and monolayer MoS2 (right). (b) 

Photoluminescence (PL) spectra of monolayer MoS2 (red line) and bi-layer MoS2 (green line); Quantum 

yield (inset). Figure adapted from reference [4] 

To be specific, the intensity of photoluminescence signal for a material with direct band gap should be much 

stronger than the material with indirect band gap [18]. This would give the material potential to be used in 

optical applications [21-24]. In Figure.1.3 (b), photoluminescence measurements of monolayer MoS2 (red 

line) shows a sharp peak at 1.9eV which has much stronger intensity than the signal from bilayer sample 

(green line) [18]. The band gap of different TMDs has higher dependence on chalcogen atoms than 

transition metal atoms. As shown by experimental data, MoS2 has gap at 1.9eV, MoSe2 is at 1.63eV; while 

it is 1.95eV and 1.64eV for WS2 and WSe2, respectively [18, 25]. The same behavior that monolayer 

samples possess much stronger PL intensity than multilayer or bulk samples can also be found in other 

TMDs. 

At the same time, monolayer MoS2 based transistors have been reported [16]. The performance of a 

4 



transistor can be characterized by its on/off current ratio. An on/off ratio about 104~107 is needed for a logic 

device to meet effective control requirements. As reported by Radisavljevic et al., monolayer MoS2 based 

transistor shows a high on/off ratio up to 108 as well as low standby power dissipation at room temperature 

[16]. 

(a) (b) 

 

                 

             

                 

 

 

                 

                  

               

                   

     

 

 

    

 

              

         

            

  

Figure.1.4: (a) A schematic of a monolayer MoS2 based transistor; 50 nm thick of gold is in contact with 

MoS2 working as drain and source electrodes; HfO2 on the top of MoS2 is the dielectric layer for top gate; 

SiO2 layer of substrate works as dielectric layer for the back gate. (b) drain-source current Ids as a function 

of tope gate voltage Vtg in different drain and source voltage Vds (different back gate shown in inset figure). 

Figure adapted from reference [16] 

1.2 Valley physics of monolayer TMDs 

As introduced in the previous part, monolayer TMDs possess direct band gap with a sizable gap energy, 

showing possibility in electronics,optics and optoelectronics applications. Strong photoluminescence 

intensity and high on/off ratio behaviors have already been achieved experimentally [16, 18]. However, 

5 



these are not the only attractive properties of the TMD materials. The valley degree of freedom that was 

predicted in monolayer TMDs provides a new research topic, and is the basis for valleytronics [1, 3, 4, 26, 

27]. 

In monolayer TMDs, the inversion symmetry of the lattice is broken. Specifically, if we look at the bi-layer 

TMDs (Figure.1.5 (a)) [1], it is easy to find an inversion center between two layers. While in monolayer 

case, if we use Mo(W) atoms as the inversion center, the S(Se) atoms will be reflected to empty spaces. As 

mentioned before, monolayer TMDs such as MoS2 has direct band gap at K point in the hexagonal shaped 

first Brillouin zone. The broken inversion symmetry will lead to two degenerate but inequivalent valleys K 

and K’. 

(b)(a) 𝐾′ 

 

               

                

 

 

                 

                  

                  

             

               

   

 

              

            

            

 

 

   

Figure.1.5: (a) Schematics of atomic structures for bi-layer TMDs in 2H phase (left); First Brillion Zone of 

monolayer TMDs (right). (b) Band structures of K and K’ valleys and valley spin dependent optical 

selection rule; 𝜎+(𝜎−) represents left (right) circularly polarized light.[1] Figure adapted from reference 

[1]. 
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And the valleys here represent the local energy minimum in the conduction band or maximum in the valence 

band. While, since the inversion symmetry is broken, these valleys at the K points will be at different 

positions of the Brillouin Zone. If we look at the Figure.1.5 (b), K and K are energetically degenerate, but 

in K valley the orbital angular momentum quantum number of the valence band is +2 whereas the orbital 

angular momentum of valence bad in K is -2 since the valence bands in different valleys are dominated by 

𝑑𝑥2+𝑦2 ± 𝑖𝑑𝑥𝑦 orbitals of transition metals. Moreover, the strong spin orbit coupling (SOC) will split the 

band edge states of conduction bands and valence bands, which result in spin splitting reaching 0.15 eV 

and 0.45 eV for molybdenum and tungsten based TMDs [2, 28-30]. As can be seen from Figure. 1.5(b), the 

top valence bands have opposite spin characters. On the other hand, conduction bands are dominated by 

𝑑𝑧2 orbitals, which have no contribution to SOC splitting. But a small component from 𝑝𝑥 𝑎𝑛𝑑 𝑝𝑦 

orbitals of chalcogen atoms contribute to a few electron volts splitting for molybdenum dichalcogenides 

and tens of electron volts for tungsten dichalcogenides. In addition, time reversal symmetry preservation of 

the materials requires that the spin splitting in different valleys must be opposite. As a result, the spin up 

orbital in the valence band in K (K) valley would have higher (lower) energy than the spin down orbital. 

All these characters lead to several unique properties that monolayer TMDs possesses. The first is the 

optical selection rule: left (right) circularly polarized light can only excite electrons in K(K) valley; and 

when the electrons from conduction band recombine to the holes in valence band in the K(K) valley, they 

can only generate left (right) circularly polarized light. The light helicity of the materials has potential to 

be used in photodetectors, phototransistors, light emitting devices and solar cells [3, 4, 26, 27]. If we use 

𝐼+−𝐼−the photoluminescence polarization definition as p = , some published work have reported a 
𝐼++𝐼− 

polarization up to 100%±5% for MoS2 and 45% for WS2 [4, 31] . In addition, a group also reports valley 
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quantum coherence generated by optical pumping [32]. 

Berry phase effect, characterized by Berry curvatures, is another important property of monolayer TMDs 

that has been reported both theoretically and experimentally [33, 34]. If an in-plane electric field E is applied 

to monolayer TMDs, an anomalous velocity of carriers along the transverse direction is generated due to 

Berry phase effect, 𝑣𝑡~𝐸 × 𝛺(𝑘) [33]. Berry curvature is defined as 𝛺(𝑘) = 𝑖 < ∇𝑘𝑢𝑘| × |∇𝑘𝑢𝑘 > , 

where 𝑢𝑘 as a function of wavevector k is the periodic part of Bloch wave function. In monolayer TMDs, 

due to inversion symmetry breaking, the carriers in K and K’ valleys have nonzero but opposite Berry 

curvatures resulting in opposite transverse currents under the same electric field [33, 35]. This phenomenon 

is called valley Hall effect and has been experimentally observed in monolayer MoS2 [34], where circularly 

polarized light is used to generate valley polarization. Directions of the Hall current depend on the light 

polarization under the same in plane electric field. A logic device switched by light helicity can be realized. 

[34, 36] 

1.3 Valley splitting 

As discussed in the previous section, the valley degree of freedom has attracted extensive attention. For 

degenerate valleys, however, the only way to access an individual valley is by light helicity. The valley 

polarization, a necessity for valleytronics applications, is only created transiently. Thus, it has been realized 

that the energy degeneracy of two valleys has become an obstacle for valley manipulation. As a result, 

8 



lifting the degeneracy of these materials is of great interest. Since it would lead to an energy difference in 

gaps of two valleys, which would allow for valley polarization control by electric field for memory and 

logic applications. 

(b)(a) 

(c) 

 

                

               

   

 

             

               

            

              

               

    

 

              

                   

                  

  

 

Figure.1.6: (a) Diagram of energy levels for monolayer WSe2 showing the three contributions to the Zeeman 

shifts (black arrow for spin, green arrow for valley orbital, purple arrow for atomic orbital). (b) 

Photoluminescence (PL) from different valleys in different magnetic field. Blue curves represent PL when 

excited and detected with left circularly polarized light while red represents PL for right circularly polarized 

light, respectively. (c) Valley splitting as a function of external field using different fitting method. Figure 

adapted from reference [7]. 

In 2015, several papers reported breaking the valley degeneracy to reach an observable valley splitting [6-

9]. To lift the valley degeneracy, one way is to apply an external magnetic field to break the time reversal 

symmetry. As can be seen in Figure. 1.6(a), after applying a magnetic field, each energy band in the K and 
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K valleys will shift because of the Zeeman effect, according to their electron magnetic moment. Since 

different energy bands may get different contributions from different sources of angular momentum to their 

Zeeman shift, the band gap of different valleys may have possibility to be changed and then the valley 

energy degeneracy will be lifted. To be specific, in the K valley with an external magnetic field 

perpendicular to the film (+Z direction), there would be two contributions to Zeeman shift of conduction 

band, spin of electrons (∆𝑠) and valley orbital moment (∆𝑣 ). Meanwhile, for the valence band, there is one 

extra contribution coming from atomic orbital moment (∆𝑎) since the magnetic moment of valence band is 

±2B while conduction band is 0. Zeeman shifts due to the spin moment and valley orbital moment do not 

affect the transition energy, so only the atomic orbital moment will contribute to the change of gap in 

different valleys. As the result, the gap will become smaller since valence band will shift closer to the 

conduction band (Figure.1.6 (a)). We need to note that since the optical transition is a spin conserved process 

(bright exciton), the band gap of the K valley is the energy difference from top of valence band to bottom 

of the conduction band. As for K valley, the opposite spin and valley magnetic moment will shift the top 

of valence band conduction band to lower energy A significant difference from K valley is that this 

contribution will move valence band farther from conduction band. The band gap of K’ will increase as the 

consequence. To conclude this process, with the existence of external magnetic field on +Z direction, the 

band gap in K valley will shrink while the band gap of K’ will enlarge. Just as what people expected, lifting 

the energy degeneracy of two valleys is achieved. Energy difference of two valleys are defined as valley 

splitting. 

It is common to use photoluminescence or optical reflectance methods to detect the valley splitting 

10 



experimentally. Both methods could reflect the transition energy in different valleys: one is using polarized 

light absorption and the other is using polarized PL. As shown in Figure.1.6 (b), circularly polarized PL is 

used to detect the gap energy change in K and K’ valleys. Blue (red) line stands for left (right) circularly 

polarized light marked by 𝜎+(𝜎−) will reflect the transition energy of K (K’) valley. With 0 T external 

field, two PL spectra have exactly the same position and intensity meaning that the two valleys are 

energetically degenerate. When a 7 T external field applied (Figure.1.6 (b) up), two spectra have a slightly 

different positions where 𝜎− shifts to higher energy and 𝜎+ shifts to lower energy. This is an obvious 

sign that energy degeneracy is broken: K and K’ valley have different transition energies. For -7T field case, 

the energy shift is with the same magnitude but in opposite direction. Finally, a plot of field dependence of 

valley splitting shows a linear relation with a slope of ~0.2meV/T. 

While valley splitting has been demonstrated, the value of the splitting is too small, making the 

manipulation of valley degree of freedom difficult. A very large magneic field is needed to induce a sizable 

valley splitting [37]. Such a large field is not typically accessible in conventional superconducting magnets, 

and also not compatible with device applications when a field needs to be applied locally on individual 

device. It is desirable to obtain an enlarged valley splitting at low fields. 

(a) (b) (c) 
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Figure.1.7: (a) A exciton transition energy of WSe2. Blue dots represent transition energy of K’ valley while 

red dots represent transition energy of K valley. (b) B exciton transition energy of WSe2. (C) Valley spitting 

of A exciton (black circles) and B exciton (red squares) as a function of external magnetic field. Figure 

adapted from reference [37]. 

1.4 Exchange field induced by ferromagnetic substrates 

As discussed before, the small valley splitting in monolayer TMDs in an external field (~0.2meV/T) makes 

magnetic control only feasible at high fields and practical applications difficult. As the huge magnetic field 

as large as 60T is not approachable for device level applications. An alternative way to enlarge the valley 

splitting is needed. An alternative approach would be to utilize an exchange field induced by a magnetic 

substrate. As predicted by theoretical work, a giant valley splitting on monolayer MoTe2 reaching 44 meV 

can be achieved by utilizing proximity exchange interaction between the MoTe2 and ferromagnetic material 

EuO [38]. This splitting is equivalent to an external field of more than 200 Tesla. Experimentally, EuS is 

among a few known magnetic insulators that can provide large magnetic exchange fields due to the high 

magnetic moment of Eu2+ (〈𝑆𝑧〉 ~ 7 B) and large exchange coupling (J ~ 10 meV), which leads to 

significant exchange splitting ∆ ∝ 𝐽〈𝑆𝑧〉 [11]. Some physics of the proximity effect in 

ferromagnetic/semiconductor hybrids has been discussed, specifically the magnetic state in the 

ferromagnetic layer can be optically detected and manipulated. We reported enhanced valley splitting in 

monolayer WSe2 due to interfacial magnetic exchange field induced by ferromagnetic substrate EuS [39]. 
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Xiaodong Xu’s group also reported large magnetic exchange field in WSe2 on 2D magnetic CrI3 substrate 

and the corresponding switching of valley polarization [40]. These results point in a new direction for valley 

control. 

Magnetic proximity effect has been reported previously by other groups in different materials. For example, 

in 2016, Moodera’s group reported their result on inducing exchange field to graphene by using 

ferromagnetic substrate EuS [41]. They deposited a thin layer of EuS onto a graphene device as shown in 

Figure.1.8 [41]. Zeeman spin hall measurement was used to detect a 14T magnetic exchange field between 

this EuS and graphene. 

Figure.1.8: Figure and explanation adapted from Reference [41] (a) Left panel: device image taken by a 

scanning electron microscope. The central Hall bar region is graphene coated with EuS. Applying current I 

along leads 2 and 6 and measuring non-local voltage Vnl between leads 3 and 5. The non-local resistance is 

defined as Rnl ≡ (Vnl/I). Right panel: a schematic drawing of the Zeeman splitting of the Dirac cone in 
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graphene and the spin-up hole-like and spin-down electron-like carriers at the charge neutrality point. The 

applied field μ0H directs the oppositely spin-polarized charge carriers towards opposite directions along the 

Hall bar channel, generating a pure transverse spin current and namely the ZSHE. The black dashed line 

indicates the Fermi level (EF) when it coincides with the charge neutrality point where the non-local voltage 

is largest. The flow of the spin-up (spin-down) current is shown by the blue (red) arrows in the scanning 

electron micrograph. (b) Non-local resistance Rnl as a function of gate voltage Vg under different μ0H for 

a CVD-graphene/EuS device at temperature T. At finite field, the large Rnl peak near the bias voltage 

corresponding to the Dirac point (VD) is the signature of the ZSHE. (c) Comparison of Rnl, D (the Rnl value 

at the Dirac point VD) versus μ0H curves for the graphene device before (pristine) and after EuS deposition. 

Also plotted is the same graphene/EuS device after prolonged air exposure (∼1 month), which shows that 

Rnl, D strongly depends on the EuS quality. 

1.5 Motivation and Scope of our work 

A magnetic exchange field could result in a large Zeeman splitting of Dirac cone in graphene, while 

enhanced valley splitting in TMDs due to magnetic exchange field induced by ferromagnetic substrates 

have not been achieved. To explore this, we need to accomplish several tasks. 

First, to synthesize large scale high quality TMDs needed for optical measurements is a challenging work. 

One method to obtain high quality monolayer TMDs is to exfoliate layers from bulk TMDs [42]. This 
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method can provide high quality monolayer TMDs with relatively complete lattice structure, as 

demonstrated by high optical absorption and emission as well as high on/off ratio when being used in FETs. 

However, the shape and the size of the sample is not controllable which makes the scalable production of 

monolayer samples hard to achieve. Another method that are widely used is chemical vapor deposition 

(CVD) which could possibly achieve large-scale monolayer films of TMDs. Nevertheless, there are still 

problems for existing CVD method: people always need to control the synthesis time and sources to avoid 

a multilayer film, while this will lead to a vacancy of some atoms in the crystal lattice such as sulfur 

vacancies. These vacancies would induce intrinsic defects, as the results, quench the intensity of 

photoluminescence signal, and decrease the electric mobility. Some other efforts are also devoted to seeking 

a high quality synthesis method, for instance, lithium-based intercalation [43], atomic layer deposition [44], 

molecule beam epitaxy (MBE) [28], etc. Every method possesses its own advantages but still some 

shortcomings. In our work, we use CVD to obtain high quality samples. Our goal is to improve existing 

growth method to control the size and morphology of sample for different experimental requirements. 

Secondly, CVD grown samples are always done on a particular substrate, such as SiO2/Si or sapphire, 

whereas different substrates would give significant effects to the TMD samples. For example, the dielectric 

screening effect on TMDs are extremely sensitive to the choice of substrates. To explore the substrate-

affected properties, one needs an efficient method to transfer the monolayer TMDs onto any substrates. One 

of the most commonly used methods is using PMMA polymer as the carrier. Specifically, substrates with 

samples are spin-coated by PMMA polymer, followed with a baking on hotplate. Then heating sodium 

hydroxide solution (NaOH) to estimated temperature, dipping the substrates with PMMA film into heated 
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solution afterwards. The NaOH will etch the substrate and separate the polymer film from it. This method 

could help transfer most of the samples if manipulated correctly. However, the NaOH may contaminate or 

cause damage to the film and lead to a worse optical or electrical behavior after transferring. To overcome 

the problem of using chemicals, another polymer (polystyrene, PS) with higher adhesion coefficient were 

used as the carrier [45]. In this method, only water is needed to help peel off the sample from original 

substrates. However, compare to PMMA, PS is easier to leave residues and also have some optical 

background signal that could affect the measurement results [46]. Our plan here is to explore the transferring 

methods and obtain a suitable recipe satisfying our experimental needs. 

Third, controlling the interface between TMDs and magnetic substrates to ensure strong exchange coupling 

is a critical issue. As introduced previously, it is possible to induce MEF into graphene by depositing EuS 

onto the top of graphene. If this can also be effective on 2D TMDs, we may probably find an effective 

method to enhance the valley splitting of TMDs. Optical measurements such as PL or reflectance would be 

performed to detect how valley splitting would change with magnetic substrates. 

The final goal would be making some real devices. Ever since the unique valley properties of 2D TMDs 

revealed, people have tried to make transistors [16, 34, 47], LED [48], photodetectors [17], quantum dots 

[49], qubit for quantum computing or quantum information [32, 50] and so on. Spin LED which utilize 

valley polarization to generate light helicity have been reported by several papers [51-53]. And I will give 

our different design on these parts. 
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Chapter 2: Sample synthesis and Characterizations 

2.1 Introduction 

Exploring methods to synthesize high quality and large-area monolayer TMDs efficiently is of great 

importance for investigating valley physics. In this chapter, details of sample synthesis and characterization 

will be introduced. 

There are several techniques that can help to get large-area TMD samples such as CVD [54], vapor-solid 

(VS) growth [55], MBE [28]and sulfurization or selenization of pre-deposited metal or metal oxides [56]. 

Typical challenges for those methods are somewhat similar: precise control of the amount of source 

materials for a neither thick nor small-scale sample and variation of morphologies at different locations due 

to spatially dependent growth parameters. Moreover, the use of excessive oxide source material may lead 

to oxysulfate impurities [57] according to the Mo-O-S phase diagram [58, 59]. 

A schematic of the typical CVD synthesis of TMDs is shown in Figure.2.1 [60]. In a typical synthesis, a 

quartz tube is put in a two-temperature zone furnace. Sulphur powder is located in low temperature zone 

while WO3 powder and substrates are put in the high temperature zone. Argon gas is used as a carrier gas 

flowing from low temperature zone to high temperature zone. Sulphur powder will react with WO3 powder 

and then deposit on the substrate as layered TMDs. A drawback for this method is the variation of sample 
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quality on different locations. 

 

    

 

           

                

                

     

 

              

           

              

              

             

    

 

 

 

 

Figure.2.1: Schematics of experimental setup for the chemical vapor deposition (CVD) technique. All 

reactions happen in the quartz tube. Sulfur powder is located in the low temperature zone at upper stream. 

WO3 powder and a SiO2/Si substrate is located in the high temperature zone at downstream. Argon gas is 

working as protection and carrier gas. 

Similar setup is used by method that pre-deposit metal or metal oxide onto substrates and sulfurize them 

afterwards. Difference from previous method is that only substrates with oxide layer is located in high 

temperature zone and no oxide source is used. By using this method, sample quality can be uniform on 

entire substrates. Samples that with entirely covered by monolayer film are approached [10]. We choose 

the method that pre-deposit oxide onto substrates and revise the total procedure to obtain high quality 

samples for our own use. 
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2.2 Sample synthesis 

In a typical synthesis of monolayer WSe2, WO3 film with a thickness of 6-10 Å was deposited on a sapphire 

(0001) substrate. The oxide film was then placed in a two-zone tube furnace under N2/H2 flow, with 

selenium powder located in the upstream, as shown in Figure.2.2 (b) left. The WO3 film reacts with 

selenium at high temperatures to form WSe2. By controlling the synthetic conditions including the WO3 

film thickness, the amount of selenium source, flow rate and heating profile, monolayer WSe2 nearly free 

of overgrowth can be achieved. A typical heating profile of the surface for monolayer WSe2 growth is shown 

in Figure.2.2 (b) right. 

In general, the reaction between oxide and chalcogen [61] can be written as: 

2MoO3 + S → 2MoO3-x + SO2 

2MoO3-x + (7 - x)S → 2MoS2 + (3 – x)SO2 

or 

WO3 + 3Se + H2 → WSe2 + H2O + SeO2 

Degassing process may cause some problem while using powder source in e-beam evaporator. Since 

powder sources restore much more gas compare to metal sources, degassing process sometimes will cost 

hours. In addition, any unstable electron beam pulse during degassing may drive powders out of the crucible 

and contaminate the chamber. It is always useful to sinter the powder source before depositing process to 
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diminish the effect. In my case, WO3 powder was sintered by using tube furnace under the protection of N2 

in 900C for 3h to get a more solid source. As for MoO3, since it is much easier to evaporate, a temperature 

around 700C is proper. For some materials that have much higher melting point, compress the powder into 

palette would be helpful. 

(a) 

30sccm N2 15sccm forming gas 

(b) 

 

                

                    

              

     

 

 

         

     

 

                  

               

              

                

             

     

 

       

 

Figure.2.2 (a) Schematics of structures for electron beam (Ebeam) evaporate. (b) Synthesis set up and 

heating profile for WSe2 growth. 

While depositing, it is common to see an unstable evaporating rate for powder source. The reason could be 

that the powder source is connected domains or clusters, the thermal conductivity could be very low 

between different domains. While one domain is fully evaporated, another domain is still in low temperature, 

which will lead to a drop in evaporating rate. Therefore, it is not necessary to increase the current 

immediately when the rate drops rapidly; otherwise, a pulse of electrons may penetrate the source instead 

of increasing the rate. 
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In addition, it would be an effective step if we let the current keep in 0.2mA for minutes and check whether 

electron beam is exactly hitting the source. It is noticeable that when electron gun is just switched on, there 

will be no immediate e-beam come out. The filament needs several-minutes heating time to reach the 

temperature to radiate electrons. Therefore, if there is a huge current in filament when the filament reach 

the working temperature, there will be a large pulse of electrons come out and penetrate the source. After 

waiting for several minutes, we could see a flashing bright pattern on the source through the observing 

window. This pattern is where electrons are bombarding. After ensuring the electron beam position is on 

the source, it is safe to increase the current at that moment. Generally, a depositing rate about 0.05A/s can 

be reached under ~3.8mA for WO3 and ~1.8mA for MoO3 if source is well sintered. 

It is useful to add a SiO2/Si substrate together with the sapphire substrates when depositing WO3. Since 

after depositing, one can find an obvious color change on SiO2/Si substrate, which will give a hint on the 

result of the deposition instead of checking substrate under microscope. 

After depositing oxide layer on substrates, the sample will be moved to tube furnace prepared for synthesis. 

N2 gas is used as protection and carrier gas and forming gas (7%H2 in 93%N2) to accelerate reaction rate. 

Two flow rate meters are used to measure the gas flow. For synthesis of WSe2, a commonly used parameter 

is 30sccm N2 and 15sccm forming gas. The rate of forming gas could vary from 10sccm to 20sccm for 

different requirements. In general, a low rate (10sccm or lower) could give small size crystals (triangles) 

with a sparse distribution, and high rate (20sccm or higher) could give larger triangles or even continuous 
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film. However, if the rate of forming gas is too high, H2 will react with selenium and pretend the 

crystallization of WSe2. As the result, the flow rate of forming gas plays a significant role in total synthesis 

process. 

Temperature control is another important factor. In general, high reaction temperature would lead to a high 

reaction rate and few defects in the crystal structure. While low temperature would give low rate 

respectively. If temperature is lower than some specific value, the reaction will never happen. As the result, 

the temperature should lie in a proper range. 

Although we pre-deposit oxide layer onto substrate, the ideal process is that oxide will evaporate near the 

surface of the substrate and react with selenium vapor coming continuously. Afterwards, the formed WSe2 

will re-deposit onto substrate and gradually grow to be triangle-shaped crystals. This process is actually 

very similar to the CVD method, but do not need seeds to behave as nucleation center. First, if the 

temperature is just relatively high, oxide will evaporate faster and most of the vapor will no longer be close 

to the surface of substrate. The reaction will happen in the position which is far away from the substrate 

consequently, most of the re-deposit samples will not locate on the original substrates. In consequence, we 

may get a substrate with barely samples on it or many samples locate in some random places where any 

dirt or dust performs like a nucleation center. Meanwhile, if the temperature is very high, what will happen 

is the re-deposit sample will evaporate again. Since the re-deposit samples are also thin films, the 

evaporation will always happen. We can consider the process as a balance between deposition and 

evaporation. However, in very high temperature, when evaporation rate is much higher than re-deposit rate, 
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we may not get any samples after synthesis ends. In this point of view, a suitable temperature is a key factor 

for good synthesis. 

Despite reaction temperature, temperature of chalcogen sources would be another impact factor. Same as 

the reaction temperature, high source temperature will result in a high vapor pressure of selenium or sulfur, 

and a high reaction rate could be reached as result. While the first problem of very high temperature would 

be overgrowth of films. Since our expectation is to synthesis larger scale monolayer samples, overgrowth 

is always undesired. Moreover, evaporating rate of chalcogen sources may increase the source will be 

running out in a very short time if source temperature is too high. We don’t want to see the condition that, 

the resource is running out before setting reaction time. Then, here comes another question, how to choose 

reaction time and the amount of source. 

Reaction time performs as another factor that significantly influence the result. Tuning the reaction time 

would provide different size and coverage of films. Specifically, if we regard large sized single crystal 

monolayer TMDs as the best samples, size of the samples could be controlled by tuning the time. A simple 

principle is that longer reaction time will give a larger sample. But the problem here is we also want it to 

be monolayer, which means large in two dimensions not three dimensions. If the reaction time is too long, 

overgrowth will finally appear on samples. Could we find a proper time that we stop there before 

overgrowth is formed? But this need the assistance from reaction temperature. The lattice energy of 

monolayer and multi-layer TMDs must be different. If these energies’ difference is distinct, it would be 

possible to find an exactly temperature that the thermal energy can only be enough for a single layer lattice 
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to form. However, another problem appears, would this temperature be higher enough for the reaction. 

Since our reaction occurs between oxide and sulfur or selenium powder in air pressure, a low temperature 

reaction are hard to approach. Therefore, it seems that the formation of overgrowth is inevitable. The 

reaction time will play another role here to get rid of the overgrowth. 

As mentioned before, the growth of TMDs film is a balance between deposition and evaporation. In a proper 

temperature, if the source powder is sufficiently supplied, the deposition rate will be higher than evaporation 

rate and the film will gradually grow in all three dimensions. When the source is insufficient, the vapor 

pressure of source material will decrease while it is almost running out and lead to a low reaction rate. From 

a specific moment, the deposition rate will be lower than evaporation rate; the film will become thinner 

when time increases. Therefore, the process of the synthesis is that the TMDs will grow to large and thick 

films rapidly in the first several minutes (Figure.2.2 (a)), when the source materials gradually become 

insufficient, films will start to evaporate and become thinner and smaller. As the thicker parts are the 

material on the top, they will evaporate in prior to the bottom film. Then we can propose to find a perfect 

time that, all the thicker parts have been evaporated if we just stop there. The samples left on the substrate 

are all monolayer films (Figure.2.2(b)). 
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(a) (b) 

Figure.2.2: (a) Optical image of sample cover most area of substrate but with overgrowth. (b) Optical image 

of sample with less overgrowth but low coverage 

The last factor I want to discuss is the amount of the source. There are two sources in this reaction: oxide 

deposited on substrates and chalcogen sources in low temperature zone. Because oxide source will just 

evaporate near the surface of substrates, a too much thick oxide layer will directly lead to a very thick film 

at the beginning of reaction. We may need longer time to let thick films evaporate; moreover, the 

evaporation rate is not all the same for films in different regions of substrates. A longer time of evaporation 

will get rid of overgrowth but evaporate most films as well (Figure.2.2 (b)). While if the oxide is too thin, 

we may not even get a monolayer film that can cover the substrate. After several minutes of growth, one 

(a) (b) 
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can barely find films on substrate. As for chalcogen sources, a proper amount should provide sufficient 

source for first several minutes to grow a relatively thick film, like multilayer, that can cover all the 

substrates. The source should be depleted before the film become too thick. With the help of temperature 

and time, the thick film will finally become large monolayer single crystals. 

Figure.2.3: (a) Optical image for samples that most films have been evaporated because of long reaction 

time. (b) Optical image for samples with very thick overgrowth when reaction temperature is short 

Depending on all these discussions, I may draw a conclusion here. A good recipe should be a proper 

combination of the reaction temperature, chalcogen source temperature, heating time for both temperature, 

flow rate of gas, percentage of H2 gas together with amount of oxide and chalcogen sources. Suitable 

temperature, thickness of oxide and percentage H2 gas would help to grow a multilayer film that could cover 

almost all area of substrate. Chalcogen source should be depleted now if the amount choice is correct. A 

good reaction time choice can help evaporate all the overgrowth and leave monolayer samples on substrate. 

At last, we will have the sample we want. 

The recipe that we published for WSe2 is for large single crystal samples. And our group also published our 

result for centimeter scale MoS2 [10], which is synthesized depending on similar logic. 

2.3 Characterization 
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As discussed in introduction chapter, the TMDs will possess unique valley properties when their thickness 

goes down to a single atomic layer. And I also introduced how we synthesized our samples by using tube 

furnace. The following task would be using proper methods to characterize the sample quality. 

Because of the lattice symmetry, a well-grown single crystal TMDs would have a normal triangular shape 

(Figure.2.4 (a)) [61]. It is simple but very efficient to check the samples’ morphology under optical 

microscope. 

A typical image taken by optical microscope of well-grown single crystals of WS2 is shown in Figure.2.4 

(b). Sharp angles and smooth edges all demonstrate an intact crystal structure. If we look at the flake next 

to it, several shinning parts are what overgrowth looks like. An experienced researcher can almost make an 

accurate judgment of the sample thickness just depending on the color. This process is critical since it will 

save time for total process. If the samples are too thick or have bad shapes, it probably means that synthesis 

is not good enough. One thing needs to notice is that some crystals that start to grow near to each other my 

merge together during the synthesis, so we may also see the morphology shown in Fig2.4 (c) (d) (e). 
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(a) 

(b) 

(c) (d) (e) 

Figure.2.4 (a) Theoretical prediction of growed single crystal monolayer TMDs [61]. (b) Optical image of 

as-growed WSe2 in normal triangle shape. (c) (d) and (e) show optical image of single crystal monolayer 

WSe2 in different shapes. Since the refractive index of MoS2 is much larger than WS2 and WSe2, monolayer 

MoS2 would have stronger optical contrast under microscopic images. 

In Figure.2.5, I show some samples with rough edge or non-sharp angles, these shapes probably mean that 

the crystal structures are not complete. Adjustments on synthesis will be needed. 

(a) (b) 
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Figure.2.5: (a) Optical image for samples without sharp angles. (b) Optical image for samples with rough 

edge and non-triangular shape. 

For samples on SiO2/Si substrates, they may show different colors if the thickness of SiO2 are different. For 

a 300nm thick SiO2, the WS2 will show a green color (Figure.2.6 (b)) while on a 270nm thick SiO2 the color 

will be black (Figure.2.6 (a)) [69]. 

(a) (b) 

Figure.2.6: (a) Optical image for monolayer WS2 on SiO2/Si substrate with 275nm thickness of SiO2 (b) 

Optical image for monolayer WS2 on SiO2/Si substrate with 300nm thickness of SiO2 
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Another way to see the morphology is to use scanning electron microscope (SEM). Generally, SEM images 

can show more details of the film, like small wrinkles, tiny cracks or small overgrowth (Figure.2.7). 

(a) (b) 

Figure.2.7: SEM image for monolayer WS2 on sapphire substrate (a) and SiO2/Si substrate (b). 

Besides of morphology, other characterizations are needed. Atomic force microscopy (AFM) is a 

commonly used method to measure the thickness of 2D materials. As shown in Figure.2.8 (a), an exfoliated 

WS2 is located on SiO2 substrate. AFM results shown in Figure.2.8 (b) give a thickness of around 0.85nm. 

This thickness is smaller than the value of bi-layer sample which is around 1.8nm [62] and similar to 

predicted monolayer thickness. Therefore, it would be a strong proof that the sample measured is a 

monolayer. However, AFM has its own drawbacks on thickness measurement. 
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Figure.2.8: (a) Optical image of exfoliated WS2 film. (b) AFM image of exfoliated WS2 and thickness value 

shown in inset figure. A thickness around 0.85 nm shows that this flake is monolayer. 

First problem would be the accuracy, for substrate with relatively low surface roughness, AFM can 

efficiently provide precise results; but if a sample is exfoliated on a substrate with high surface roughness, 

the measurement would be useless. As shown in Figure.2.9, when a sample is transferred onto EuS substrate, 

the roughness will ruin the thickness measurement while a measurement on low roughness 

(a) (b) 
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Figure.2.9: (a) AFM image for transferred WS2 on EuS substrate with rough surface. (b) Surface roughness 

scan of a selected flake. (c) AFM image for transferred WS2 on EuS substrate with low surface roughness. 

(d) Thickness scan of the flake 

Raman spectroscopy and photoluminescence are considered as the most useful and reliable techniques to 

identify the number of layers in both exfoliated and synthesized TMDs. 

Raman spectroscopy is a powerful tool to determine the number of layers: the vibrational modes of TMD 

flakes are strongly influenced by layer numbers. Any additional layer beyond the first interacts with the 

bottom layer and change energy, width and amplitude of the Raman peaks [63]. In any Raman spectra of 

TMDs, only two peaks named 𝐸2
1
𝑔, 𝐴1𝑔 are strongly permitted, which related to in plane and out of plane 

vibrations of metal and chalcogen atoms (Figure.2.10 (a)). As the layer number decrease, the 𝐸2
1
𝑔 vibration 
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has a blue shift. The 𝐴1𝑔 peak, instead, has a red shift. Figure.2.10 (b) shows the Raman spectra of WS2, 

when layer number decrease, two peaks will move closer and closer. For monolayer WS2, the distance 

-1 -1between two peaks is around 59 cm for sample on SiO2/Si substrate or 61 cm for sample on sapphire 

substrate. Monolayer MoS2 has peak distance at around 19 cm -1, respectively [64]. 

(a) (b) (c) 

Figure.2.10: (a) Vibration mode 𝐸2
1
𝑔 and 𝐴1𝑔 for TMDs. Black atoms are transition metals while blue 

ones are chalcogens. (b) Raman spectra of WS2 from bulk to monolayer. Wave number difference between 

two main peaks become smaller and smaller. (c) Raman spectra of MoS2 from bulk to monolayer. Which 

has a similar behavior as WS2. 

Another important characterization is strong enhancement of PL signal with respect to bulk emission [18, 

65]. As discussed in previous chapter, bulk or multilayer TMDs have indirect band gap. While monolayer 

samples have direct band gap. In Figure.2.11 (a), the PL signal of a monolayer has much higher intensity 

than bi-layer or bulk ones for WS2 [65]. As for MoS2, the intensity difference between monolayer and bi-

layer is even larger (Figure.2.11 (b)) [18]. 
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Figure.2.11: (a) Photoluminescence (PL) of monolayer (blue), bilayer (red) and four-layer (black) WS2. 

Monolayer sample has much stronger PL intensity, (b) PL spectra of monolayer (red) and bilayer (green) 

MoS2. 

Moreover, for materials like WSe2, the distance between Raman peaks is hard to identify through the spectra. 

Intensity of PL will become the most effective characteristic method. 

Here I show the picture of synthesized WSe2 on sapphire substrate. The Raman peaks are very close to each 

other (Figure.2.12 (b)), but a strong and sharp PL compared to multilayer sample (Figure.2.12 (c)) will 

prove the layer number and quality of the sample. 
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   (a) (c)(b) 

Figure.2.12: (a) Optical image of WSe2 on sapphire substrate. (b) Raman spectrum of WSe2 shown in (a). 

Two main peaks are close to each other. (c) PL spectrum of as-grown sample. The peak position is around 

760nm 

2.4 Transfer method 

In the previous chapter, the synthesis and characterization of monolayer TMDs have been discussed. To 

explore an efficient sample transfer method would be another critical work. Recall the purpose of our 

work that we aim to study the effects induced by different substrates, especially the MEF induced valley 

splitting in TMDs. 

However, our samples are grown on sapphire substrates, and to grow TMDs on different substrates may 

pose great challenges. It is convenient to grow the samples on the same type of substrates which will have 

the same synthesis conditions, and transfer them onto any substrates that are interesting. To explore methods 
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of film transferring become a critical work. 

Due to the fragile nature of the monolayer TMDs, a carrier that can stick to the sample to assist transferring 

and can be removed subsequently after transfer is needed. Polymers that can dissolve in specific solvent 

and possess high molecular adhesion force are the promising candidates. 

A very commonly used method is to use PMMA as carrier [66]. Briefly, typical type of PMMA (PMMA 

950) is spin-coated onto substrate with monolayer TMDs. Substrate is then baked to make a tight adhesion 

between samples and PMMA films. Etching the substrate in NaOH or KOH solution for minutes are the 

next step. After etching, the sample is dipped into DI water, to detach PMMA from original substrate. And 

the PMMA will float on the water if etched properly. Target substrate is used to pick up the film and then 

baked on hot plate to drive out water in between PMMAand substrate. Finally, sample is dipped into acetone 

to remove the PMMA film. Figure.2.13 shows the sample after transferred from sapphire to SiO2/Si 

substrate. 

(b) 

Figure.2.13: (a) & (b) both show a transferred sample that with PMMA residues and cracked parts. 
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Most samples on substrate can be transferred (Figure.2.13 (b)), however, with some residues and broken 

flakes. Optical measurement on transferred samples sometimes show a quenched PL signal, which we 

attribute to the damage from chemicals. And the NaOH chemicals will damage the substrates as well; the 

damaged substrates cannot be reused. Moreover, PMMA film is very easy to be broken, which makes total 

process very time-consuming. A transfer method with no damage from chemicals and easy handling is 

demanded. 

Another method using etch free process will meet the requirement of… [45, 67]. Instead of using PMMA, 

polystyrene (PS) is used as carrier, which has higher molecule mass and molecular adhesive force. Since 

the TMDs films are hydrophobic and sapphire substrates are hydrophilic, water can play an important role 

in this transfer, to separate TMDs from the substrate [45]. 

The first step is to make PS solution, by dissolving 300mg PS with molecular weight of 280000 g/mole in 

1 ml toluene. To make PS completely dissolve, a 3h ultrasonic treatment at 60C is necessary. A droplet of 

PS solution is dropped onto substrates with well-grown TMDs, followed with a spin coating with speed of 

3500rpm for 60s. This is followed by a baking on hot plate for 5min at 150C to enhance the intermediate 

adhesion force between PS and TMDs. After baking, DI water is dropped onto the substrates and the edge 

of polymer is scratched by tweezers. To assist water molecules to go in between the PS and TMDs, one can 

use a tweezer to gently push the PS films. The water will go through all the way and separate the PS and 

substrates. Since the high molecular adhesive force of PS and hydrophobic property of TMDs, almost all 

TMDs will be lift off together with PS film. Because PS film is thick and strong in structure, detached PS 
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film can be picked up by tweezer and moved to any substrates. Baking the substrates with transferred film 

at 150C for another 5min to get rid of the water molecules and facilitate the contact between substrate and 

TMDs. The PS film can be removed by immersing the substrate into toluene. The last step is to anneal the 

sample in high vacuum (~10 -7 Torr) for 3h at 350C, in order to completely remove the PS molecules. 

Figure.2.14: Figure explanation from reference [45]. Illustration of the surface-energy-assisted transfer 

process. (a-h) Typical images of the transfer process. The arrows in (e-g) point toward the MoS2 film for 

visual convenience. 

This transfer method has several advantages that make it a better choice: no chemical damage to both 

samples and substrates would be the most important one. Unlike PMMA method, samples that are 

transferred by PS preserve its quality and the morphology as well. In addition, the only chemical used here 

is DI water, which has no damage to the film. However, this method still keeps some problems. One issue 
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is polymer residues: PS has heavy molecule weight, high adhesive force and the film after spin coating is 

relatively thick. It makes complete removal of polymer very hard. Moreover, PS itself has PL signal at 

visible light range which will influence the result of optical measurement. Even though, annealing the 

sample in high vacuum could evaporate most residues and get rid of the optical effects from polymer, AFM 

or SEM image would still show some residues left. 

Several parts need more attention during transfer process. The first is the solution concentration: a range of 

solution concentration from 250mg/ml to 300mg/ml can be chose. In general, higher concentration gives a 

more condensed polymer with stronger adhesive force but difficulty in removing process. For samples that 

are relatively hard to be lifted off from substrates, it is reasonable to use high concentration solution when 

transferring. According to our experience, WSe2 samples are bounded more tightly on sapphire substrates 

compare to MoS2 and WS2, so a higher concentration solution would be necessary. On the other hand, for 

WS2 and MoS2 samples, a relatively lower concentration of PS solution (250mg/ml) is safe. 

Another part that need to be careful is post baking. Before dissolving the sample in toluene, it is critical to 

ensure that the PS film has a tight contact with substrate. Otherwise, you may lose all the samples after 

dissolving. 

In Figure.2.15, I show some transfer results by using PS as carrier polymer. A sample grown on sapphire 

(Figure.2.15 (a)) can be transferred onto SiO2/Si substrates, EuS substrates, gold substrates or even TEM 

grid. 
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Up to now, I have introduced two different transfer methods. There is still another widely used method: 

using PDMS as carrier. I will introduce this method in device fabrication part, since PDMS is good on 

transfer exfoliation sample but not CVD samples. 

(a) (b) 

Figure.2.15: (a) Optical image of monolayer WS2 sample grown on sapphire substrate, transferred sample 

on SiO2/Si substrate, on EuS substrate and TEM grid. Electron diffraction pattern measured by using TEM 

is shown at the bottom. (b) Optical image of monolayer WSeS alloyed transferred on gold substrate for 

KPFM measurement. 

Figure.2.16 (a) shows the optical microscope image of the as-grown monolayer WS2 on sapphire substrate 

(the inset is a SEM image). As shown in the image, each single crystal is of regular triangular shape with a 

size of 10-20 μm. Figure.2.16 (b) and Figure.2.16 (c) are the corresponding optical and SEM images of the 
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films after being transferred onto SiO2 and EuS substrates, respectively. We can see that the transfer process 

does not lead to change in morphology. 

Figure.2.16: Optical microscope images and SEM images (insets) of monolayer WS2 on sapphire substrate 

(a), SiO2 substrate (b) and EuS substrate (C). Room temperature Raman and PL spectra of WS2 on sapphire 

(d and g), SiO2 (e and h) and EuS (f and i). 

In Figure.2.16 (d), (e) and (f), Raman spectra of the WS2 films on sapphire, SiO2 and EuS substrates are 

shown. For the sample on sapphire substrate, the E2g and A1g Raman modes show shifts of 355.3 and 414.7 

-1 -1 cm , respectively. The separation between these two peaks is 59.4 cm , consistent with reported value for 

monolayer WS2. After being transferred onto SiO2 and EuS substrates, the separation changes to 62.5 and 

62.4 cm -1, which may be associated with the chemical bonding between the WS2 and SiO2 and EuS 
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substrates. The PL peak energy is at 626nm (1.98 eV) (Figure. 1(g)), which can be attributed to the A exciton 

transition. The PL peak values change slightly to 616.4 (2.01 eV) and 620.9 (2.00 eV) for samples on SiO2 

and EuS substrates (Figure. 1(h) and 1(i)). These values are consistent with values reported previously for 

monolayer WS2. 

Figure.2.17: Room temperature Raman and PL spectra of WSe2 on sapphire (a and d), SiO2 (b and 3) and 

EuS (c and f). 

As shown in the Figure.2.17, WSe2 also preserve its quality after being transferred. Figure.2.17 (a) shows 

the Raman spectrum of monolayer WSe2 on sapphire substrate. The E2g and A1g peaks are located at 247.3 

-1 -1and 257.6 cm , respectively, with a peak separation of 10.3 cm , consistent with reported value for 

monolayer WSe2. After being transferred onto SiO2 (Figure.2.17 (b)) and EuS (Figure.2.17 (c)) substrates, 
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the peak positions remain nearly unchanged. The PL peak energy for sample on sapphire is at 1.64 eV (756 

nm), as shown in Figure. 2.17 (d), which is attributed to the “A” exciton transition. The PL peak energy 

values change slightly to 1.66 eV (745 nm) and 1.67 eV (744 nm) for samples on SiO2 and EuS substrates, 

as shown in Figure. 2.17 (e) and Figure.2.17 (f), respectively. These values are consistent with values 

reported previously for monolayer WSe2. 

RMS roughness: 0.9248nm. 

Figure.2.18 (a) XRD spectrum of EuS substrate. (b) Surface roughness measurement of EuS substrate. 

Characterizations of EuS substrate is shown in Figure.2.18. Our substrates are made by depositing 10nm 

EuS powder by using e-beam evaporator onto SiO2/Si substrates. In XRD spectrum (Figure.2.18(a)), a main 

peak at 25.6° represents the 111 surface of EuS. Surface roughness of about 1nm (Figure.2.18(b)) proves 

that the surface condition is good for proximity effect use. 
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2.5 Summary 

In this chapter, I specifically introduce our approaches on sample synthesis, sample characterization and 

film transferring. All details included are based on my experimental data as well as my experience in years 

of hard work. I can synthesis the single crystal monolayer WS2 and WSe2 up to 100µm or 40µm in size, as 

well as continuous film of both materials in 200 µm or even larger scale. And all the characterization can 

ensure that I have high quality monolayers. At last, an efficient transfer technique could help to transfer 

samples onto any substrates that we are willing to research. After characterizing the transferred sample, I 

have high quality samples on different substrates ready to be measured. 
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Chapter 3: Valley splitting in monolayer WSe2 

3.1 Introduction 

As mentioned in chapter 1, exploiting the valley degree of freedom to store and manipulate information 

provides a novel paradigm for future electronic applications. A monolayer transition-metal dichalcogenide 

(TMD) with a broken inversion symmetry possesses two degenerate yet inequivalent valleys [1, 2], which 

offers unique opportunities for valley control through the helicity of light [3-5]. Lifting the valley 

degeneracy by Zeeman splitting has been demonstrated recently, which may enable valley control by a 

magnetic field [6-9]. However, the realized valley splitting is modest (∼0.2 meV T –1). In this chapter, I will 

show greatly enhanced valley spitting in monolayer WSe2 A exciton and B excito utilizing the interfacial 

magnetic exchange field (MEF) from a ferromagnetic EuS substrate. A valley splitting of 2.5 meV is 

demonstrated at 1 T by magnetoreflectance measurements and corresponds to an effective exchange field 

of ∼12 T for WSe2 A exciton. We further used X-ray magnetic circular dichroism to probe the induced 

magnetic moment in TMDs. Moreover, the splitting follows the magnetization of EuS, a hallmark of the 

MEF. Utilizing the MEF of a magnetic insulator can induce magnetic order and valley and spin polarization 

in TMDs, which may enable valleytronic and quantum-computing applications [12, 38, 68]. To explain the 

experimental results, first principles calculations were performed to calculate the band energies and valley 

splitting for monolayer WSe2 on EuS (by Renat Sabirianov at the University of Nebraska). And the 

calculation result depending on our model match the experimental data. [39] 
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3.2 Optical set up 

(a) (b) 

Figure.3.1: (a) Side view of schematic of the set up for magneto-reflectance measurements. (b) Top view. 

A schematic of the setup for magneto-reflectance measurements is shown in Figure.3.1. Positive magnetic 

field is defined as the upward direction. The incident light is right and left circularly polarized by a 

combination of a Babinet Soleil and a linear polarizer. The reflected light from the sample is collected using 

a microscope objective and the light was then focused onto the entrance slit of a single monochromator that 

uses a cooled charge-coupled device detector array. Sample holder is in the middle of magnet where the 

applied magnetic field is perpendicular to the sample surface. A flip mirror (top view Fig) can exchange the 

light source from white light to laser, which provide more functions for this system. 

A superconducting magnet was used to apply magnetic field as high as 7T. Liquid nitrogen is used to pre-
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cool the system to around 75K and liquid helium is used to cool system to working temperature. Cryostat 

of sample is separated from the magnet. If low temperature properties are studied, liquid helium could also 

be used to cool the sample to temperature as low as 5K. 

3.3 Optical measurement of WSe2 

In this study, we first studied the lowest energy “A” exciton transitions. Schematic diagrams of WSe2 

monolayer on Si/SiO2 and the ferromagnetic EuS substrates are shown in the top and bottom panels in 

Figure.3.2 (a), respectively. The magnetic field is perpendicular to the plane. 

(a) (b) 

Figure.3.2: (a) Schematic diagrams of monolayer WSe2 on SiO2/Si substrate (up) and EuS substrate (down). 

(b) Optical image of monolayer WSe2 on SiO2/Si substrate (top panel) and EuS substrate (bottom panel). 
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A 10nm EuS film was deposited by electron beam evaporation onto SiO2/Si substrates. Thickness of the 

oxide layer on SiO2/Si wafer is about 270 nm, which will give the best visibility of WSe2 as well as WS2. 
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Figure.3.3: (a) Photoluminescence signal of monolayer WSe2 transferred onto EuS/Si substrate. (b) Optical 

image of as-transferred sample. Flakes are invisible on this substrate. 

In Figure.3.3 (a), we show the PL signal of WSe2 that was transferred onto EuS on Si substrate. Figure.3.3 

(b) is the optical image of the sample, where at the cross position we detect PL signal. The monolayer WSe2 

cannot be observed by the optical microscope. This suggest that the oxide layer is essential for observing 

the monolayer TMD. The dielectric SiO2 layer with a suitable thickness and refractive index can strongly 

enhance the absorption of the monolayer sample, due to the destructive interference at the TMD/air interface 

which reduces reflection [69]. 

The thickness of oxide layer also plays an important role in the reflectance measurement. If we look at the 

Figure.3.4 (a) and (b), for a 300nm thick SiO2 on Si substrates, the reflectance peak of B exciton of WSe2 

locates on a position where background has a slope. After subtracting the background, the exciton 
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absorption peak of WSe2 is superimposed on a sloped background, leading to shallower absorption feature 

that contributes to large fitting uncertainty. When we used a substrate with a thickness of 270nm, the peak 

position lies on a flat background which lead to a sharper peak after subtraction of the background 

(Figure.3.4 (d)-(f)). 

(a) (b) (c) 

(d) (e) (f) 

Figure.3.4: (a) Reflectance spectrum of SiO2/Si substrate with 300nm SiO2. (b) Reflectance spectrum of 

monolayer WSe2 on SiO2/Si substrate with 300nm SiO2. (c) Reflectance spectrum of monolayer WSe2 after 

background subtraction. (d)-(f) Reflectance spectra of SiO2/Si substrate with 275nm SiO2, WSe2 and WSe2 

after background subtraction. 

In Figure.3.5 (a) and (b), we compare the reflectance spectra of monolayer WSe2 on both SiO2 and EuS 

substrates, measured at 0 and +7 T, at 7 K. The vertical axis is the ratio R/R0, where R denotes the reflectance 

from WSe2 and R0 denotes the reflectance from the SiO2 or EuS substrate adjacent to WSe2. Taking the 

ratio of R/R0 allows the removal of background signal from the substrates. The middle plot in Figure.3.5(a) 
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shows the zero-field reflectance signal from the “A” exciton of monolayer WSe2 on SiO2; left-circularly 

polarized light (σ+) corresponds to the K and right-circularly polarized light (σ-) corresponds to the K’ 

valleys, respectively. The exciton features were fitted using complex (absorptive + dispersive) Fano line-

shape to extract the transition energies which will be explained in the following chapter. A clear transition 

at 1.76 eV is observed at B = 0, which is consistent with earlier reported value for “A” exciton of monolayer 

WSe2. As expected, the σ+ and σ- spectra match perfectly with each other, indicating no energy splitting of 

the two valleys as required by the time-reversal symmetry. Similarly, there is no measurable excitonic 

splitting at B = 0 for WSe2 on EuS, as shown in the middle plot of Figure.3.5(b).Upon application of a +7 

T magnetic field, however, a clear valley splitting is observed for WSe2 on SiO2 (Top plot of Figure.3.5 (b)). 

The σ+ spectrum (“A” exciton transition at the K valley) shifts to lower energy, while the σ- spectrum shifts 

to higher energy. The valley splitting is defined as ∆E≡E(σ-)- E(σ+ ), where E(σ+) and E(σ-) refer to the 

fitted peak energy of σ+ and σ-, respectively. When a -7 T field is applied, the sign of the valley splitting is 

reversed, as shown in the lower plot of Figure.3.5 (a); ∆E is 1.5 meV at 7 T, which is consistent with earlier 

reported values. In WSe2 on EuS the valley splitting is equal to 3.9 meV at 7 T (see Figure.3.5 (b)). This 

enhanced value implies that the valley splitting does not just come from the Zeeman effect due to the 

external field, but there is an important contribution from the ferromagnetic EuS substrate. We note that the 

reflectance spectra from the WSe2/EuS sample are broader than those from WSe2/SiO2. The broadening is 

primarily due to the interactions between the WSe2 layer and the EuS substrate, which cannot be removed 

by taking the ratio R/R0. 
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Figure.3.5: (a), (b) WSe2 on the Si/SiO2 substrate (a) andWSe2 on the EuS substrate (b). Top, B=+7 T; 

middle, B = 0; bottom, B = −7 T. σ+ (σ−) corresponds to the transition at the K (K′) valley. There is no 

splitting for spectra at B = 0, for either the Si/SiO2 or the EuS substrate. At +7 T, the σ+ (σ−) component 

shifts to lower (higher) energy. At −7 T, the energy shifts is in the opposite direction. By comparing (a) and 

(b), it is clear that the energy splitting for WSe2 on the EuS substrate is noticeably higher than that on the 

Si/SiO2 substrate. The red circles (blue squares) indicate the σ+ (σ−) incident polarization. The dots are 

experimental data and solid lines are the fitting results using the ‘absorptive and dispersive’ line shape. 
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3.4 Data fitting 
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For reflectance signal, it is conventional to use absorptive and dispersive lineshape in addition to a linear 

function to fit the curve and use the local minimum as the peak position. As shown in figure above, the 

yellow dot is the fitted peak position. 

The fitting equation is: 

𝑚 
(𝑞

2 + 𝑥 − 𝜇)2 

𝑓(𝑥) = 𝐴 + 𝑘𝑥 + 𝑏, 
(
𝑚

)2 + (𝑥 − 𝜇)2 
2 

in which A is the amplitude, q is the Fano parameter which represents the ratio of resonant scattering to the 

background scattering, m is the width of the line shape, k is the linear slope and b is the intercept. 
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3.5 Enhanced valley splitting induced by ferromagnetic substrate in WSe2 

Using the fitting method above, we obtained the peak position of reflectance spectra at different Magnetic 

fields. Then we plotted the A exciton valley splitting of WSe2 as a function of magnetic field. Part of data 

and figures in this chapter is published in[ref]. 

To elucidate the role of EuS, the field-dependence of valley Zeeman splitting ∆E measured at 7 K is shown 

in Figure.3.6. For WSe2 on a SiO2 substrate, the field dependence is linear, with a slope of 0.20 meV/T, 

consistent with earlier reported values [7, 9]. In contrast, ∆E for WSe2 on an EuS substrate shows 

pronounced nonlinear behavior: it first increases rapidly with increasing field for -1 T< B < +1 T. For |B| > 

1 T, the slope decreases with increasing field and eventually reaches a constant value of 0.20 meV/T, very 

close to the slope for WSe2 on a SiO2 substrate. The slope for -1 T< B < +1 T, however, is 2.5 meV/T, which 

is an order of magnitude higher than the slope for WSe2 on a SiO2 substrate. The enhanced valley splitting 

value in WSe2/EuS suggests an effective exchange field of about 12 T at B = 1T possibly resulting from the 

interfacial MEF. 

Below we discuss how spurious effects, in particular the magnetic dipole field contribution from EuS, are 

ruled out. We estimate the maximum dipole field contribution from EuS to be 1.2 T (see discussion below), 

which is an order of magnitude smaller than the exchange field. Thus, the dipole field of EuS cannot be a 

significant contributor to the enhanced valley splitting. Furthermore, if the enhanced valley splitting is 
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indeed due to the interfacial exchange field, inserting a non-magnetic spacer layer between WSe2 and EuS 

should interrupt the exchange coupling due to its short-range nature. To check this, we measured the valley 

splitting of WSe2 on EuS with a 10 nm SiO2 spacer inserted in between them. In Figure.3.6 (b) we plot the 

field dependent valley splitting for the WSe2/SiO2 and WSe2/SiO2/EuS samples. As can be seen from 

Figure.3.6 (b), there is no measurable difference between the behavior of the exciton valley splittings of 

WSe2 on EuS with the SiO2 spacer and that of WSe2 on the SiO2 substrate. This clearly rules out the dipole 

field as the origin of the enhanced valley splitting, since the stray field is not significantly reduced by the 

10 nm spacer. 

Figure.3.6: (a) Measured valley splitting ΔE as a function of magnetic field. WSe2 on EuS versus SiO2 

substrates. Purple circles, Si/SiO2 substrate; green squares, EuS substrate. On Si/SiO2, with an increasing 

field ΔE increases linearly with a slope of 0.20 meV T–1. On the EuS substrate, the splitting is greatly 

enhanced, with an initial slope of 2.5 meV T –1 at −1 T<B<+1 T. At |B| > 1 T, the slope gradually decreases 

to the value of WSe2 on the Si/SiO2 substrate. (b) WSe2 on SiO2 (10 nm)/EuS versus SiO2 substrates. Purple 
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circles, Si/SiO2; yellow squares, 10 nm SiO2 spacer. Both show a linear field dependence with an identical 

slope of 0.20 meV T –1. 

The interfacial MEF should be proportional to the magnetization of the ferromagnetic substrate. To 

unambiguously confirm the origin of the enhanced valley splitting, systematic field and temperature 

dependence of the splitting were measured (Figure.3.7 (a)) and compared to the field-dependent 

magnetization of EuS measured at different temperatures (Figure.3.7 (b)). A linear background of 0.20 

meV/T is subtracted from all curves in Figure.3.7 (a), and the net value is attributed to MEF and denoted 

as ∆Eex. It can be seen that at 7, 12 and 20 K, ∆Eex shows non-linear field dependence: at low fields, ∆Eex 

increases rapidly with increasing field, starting from an initial value close to zero at B = 0. With further 

increasing field, the rate of increase of ∆Eex slows down and then tends toward saturation at high fields. 

With increasing temperature, ∆Eex decreases accordingly. Such behaviors are very similar to the field and 

temperature dependent magnetization of EuS, as shown in Figure.3.7 (b). The measured saturation 

magnetization MS of EuS at 7 K is 1,000 emu/cm3, slightly lower than bulk MS value of 1,200 emu/cm3 (~ 

7 µB/Eu2+) at 0 K. EuS has a cubic structure and is magnetically soft. The strong shape anisotropy of the 

10 nm thin film forces the magnetic easy axis to lie in the plane. This explains the shape of the magnetization 

vs field loops with very low remanent magnetization, and a relatively high saturation field (~ 1.2 T), 

corresponding to the demagnetization field of 4πMS. Therefore, WSe2 does not show measurable 

spontaneous valley splitting even below the EuS Curie temperature (TC) of 16.6 K. Similar behavior is also 

observed in the PL polarization in spin-LEDs with an Fe spin injector [70]. It should be noted that ∆Eex vs 

B shows non-linear behavior even at 20 K, above expected TC of EuS. This is also consistent with 
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temperature dependent magnetization showing a tail well above 20 K. The magnitude of ∆Eex at 7 T is 

comparable to the Zeeman splitting due to the external field alone. At 50 K, ∆Eex value is greatly reduced 

and it increases with B essentially linearly with a slope of just 0.04 meV/T as shown in Figure.3.7 (a), which 

is expected from the paramagnetic behavior of EuS. The very similar field and temperature dependence 

shown in Figure.3.7 (a) and (b) suggests that ∆Eex is directly correlated to the out-of-plane magnetization 

of EuS. To demonstrate further the correlation, Figure.3.7 (c) shows ∆Eex vs B measured at different 

temperatures superimposed on magnetization M vs B. Both ∆Eex and M values are normalized by their 

respective saturated values at 7 K. Remarkably, the valley exchange splitting ∆Eex of WSe2 measured by 

magneto-reflectance and the out-of-plane magnetization M of EuS measured by a vibrating sample 

magnetometer (VSM) match with each other well, for the measurement temperatures of 7 and 12 K. This 

shows unambiguously that the valley exciton splitting in monolayer WSe2 originates from the interfacial 

MEF, and thus scales with the magnetization of EuS. For higher temperatures, there is some noticeable 

deviation. While the exact reason is not clear, we cannot rule out the possibility of a small shift of the sample 

spot while the temperature was raised. 

Figure.3.7 (a) Field-dependent valley-exchange splitting ΔEex due exclusively to MEF for WSe2 measured 
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at 7, 12, 20 and 50 K. A linear background of 0.20 meV T –1, attributed to the Zeeman splitting caused by 

the external B field, is subtracted. ΔEex shows a nonlinear field dependence at 7 K (black squares), 12 K 

(red circles) and 20 K (blue triangles), but a linear field dependence at 50 K (purple triangles). (b) 

Magnetization M of EuS as a function of the field measured at 7, 12, 20 and 50 K. The saturation 

–3 –3magnetization at 7 K is 1,000 e.m.u. cm , slightly lower than the 1,200 e.m.u. cm expected at 0 K. The 

similarity between M and ΔEex is apparent. (c) Field-dependent ΔEex of WSe2 and M of EuS superimposed 

on each other. Both ΔEex and M are normalized by their saturated values at 7 K. Points, normalized ΔEex; 

lines, normalized M. It can be seen that they match with each other well at 7 and 12 K, which confirms 

unambiguously that the origin of the enhanced valley splitting is caused by the MEF. They show deviations 

from each other at higher temperatures, possibly because of a slight shift in sample position in the magneto-

reflectance measurements. 

Figure.3.8 (a) shows the reflectance spectra of monolayer WSe2 B exciton on Si/SiO2 substrate, measured 

at 7 K and a magnetic field of 0 and 2 T, respectively. While Figure.3.8 (b) shows the reflectance spectra of 

WSe2 on ferromagnetic EuS substrate measured at identical conditions. The vertical axis labeled as R/R0 

represents the ratio between the reflectance of WS2 and either Si/SiO2 or EuS substrate background. The 

local minima were found to be ~ 2.17 eV, corresponding to the B exciton transition energy. In both figures, 

the left (right) circularly polarized light, denoted as σ+ (σ-), corresponds to the inter-band transition at the 

K (K’) valley. As can be seen from the top panels in Figure.3.8 (a) and Figure.3.8 (b), at zero field, the σ+ 

and σ- spectra match well with each other, confirming the degeneracy of the two valleys. When a +2 T 

magnetic field is applied, however, an energy shift of the exciton transition is observed for WSe2 on both 
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Si/SiO2 and EuS substrates (Figure.3.8 (b)). The σ+ spectrum shifts to lower energy, while the σ- spectrum 

shifts to higher energy for WSe2 on Si/SiO2. The valley splitting of WSe2 on Si/SiO2 is measured to be 1.5 

meV at 7 T, consistent with the prediction and the values reported earlier [41]. For WSe2 on EuS, however, 

unexpected behaviors are observed. As can be seen from Figure.3.8 ((b) bottom), the separation between 

the σ+ and σ- spectra is much larger, i.e. a much larger valley exciton splitting. Moreover, the sign of valley 

exciton splitting is REVERSED, with σ+ spectrum shifting to higher energy while σ- shifting to lower energy. 

The sign of ΔE is also opposite to that of WSe2/EuS A exciton reported previously [12]. This sign reversal 

suggests interesting physics from the magnetic proximity effect that are qualitatively different from the 

Zeeman effect. 

(a) (b) 

Figure.3.8: (a), (b) WSe2 on the Si/SiO2 substrate (a) andWSe2 on the EuS substrate (b). Top, B = 0; bottom, 

B = 2 T. σ+ (σ−) corresponds to the transition at the K (K′) valley. There is no splitting for spectra at B = 0, 

for either the Si/SiO2 or the EuS substrate. At 2 T, the σ+ (σ−) component shifts to lower (higher) energy for 

sample on Si/SiO2. Energy shifting is opposite for the sample on EuS. By comparing (a) and (b), it is clear 

that the ‘B’ exciton splitting for WSe2 on the EuS substrate is noticeably higher than that on the Si/SiO2 
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substrate but in opposite direction. The red lines (blue lines) indicate the σ+ (σ−) incident polarization. 

We investigated the ‘B’ exciton valley splitting (ΔEB) of WSe2 on EuS substrate and compared it with the 

‘A’ exciton valley splitting (ΔEA) to find how MEF affects different excitons in the same TMDs (WSe2) on 

EuS. We again performed magneto-reflectance measurements on WSe2/SiO2 and WSe2/EuS to study their 

ΔEB as a function of magnetic field at 7K. Similar behavior of the A and B exciton splittings of TMDs on 

nonmagnetic substrate is expected because they originate from the Zeeman shift in the valence band with 

atomic orbital moment contribution of 2𝜇𝐵 for K and -2𝜇𝐵 for K’ valleys. As expected, for WSe2/SiO2, 

ΔEB is a linear function of magnetic field like ΔEA with both having similar slopes of ~ 0.2 meV/T as shown 

in Figure.3.9 (a). These results are consistent with previously reported values [37]. 

For WSe2/EuS, we plot ΔEB together with ΔEA versus B in Figure.3.9 (b). Interestingly, ΔEB is negative for 

|B| < 1T, in clear contrast to the behavior of the A exciton. In this range, ΔEB is enhanced to a slope of about 

-4 meV/T, i.e. it has a magnitude which is 20 times that of the nonmagnetic sample (0.2meV/T) 

corresponding to an equivalent MEF of ~ 20 T. 
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  (a) (b) 

Figure.3.9: (a) Measured B exciton valley splitting ΔE as a function of magnetic field. WSe2 on EuS versus 

SiO2 substrates. On Si/SiO2, with an increasing field ΔE increases linearly with a slope of 0.20 meV T –1. 

On the EuS substrate, the splitting is greatly enhanced, with an initial slope of 2.5 meV T –1 at −1 T<B<+1 

T. At |B| > 1 T, the slope gradually decreases to a small value. (b)Valley splitting as a function of magnetic 

field for both A and B exciton. B exciton valley splitting has larger but opposite sign of the slope at −1 

T<B<+1 T compare to A exciton. 

3.6 Calculation Results 

To explain the EMF enhanced valley splitting in monolayer WSe2 on EuS, we calculated the band structure 

of WSe2/EuS to extract band shifts and valley splitting of WSe2 usingDFT methods. The WSe2 has a two 

dimensional hexagonal unit cell with the lattice parameter of 3.28 Å, while EuS has a cubic unit cell with 

the lattice parameter of 5.968 Å. In order to simulate their interface using DFT methods and take into 

account 2D periodicity of the system we constructed a supercell of WSe2 on the slab of (111) surface of 
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EuS. Considering the lattice parameters of (111) surface is 8.44 Å, i.e. incommensurate with the lattice 

parameter of WSe2 of 3.28 Å. However, the supercell of �⃗⃗⃗�′ = 3𝑎 − �⃗� (𝑎, �⃗� are primitive lattice vectors 

of WSe2) as shown in Figure.3.13 (b). The supercell contains 7 unit cells of WSe2. Due to the different bond 

length of Se-Se in WSe2 and in EuS there are possible choices of WSe2 unit cell shift. We find that Eu sitting 

at the center of one of the sites threefold coordinated by Se is a stable one. Three other Eu at the surface are 

also coordinated by three Se atoms (but Eu position is shifted in the direction of one of the Se in the triangle). 

After relaxation these Eu Sites are located at the bridge positions between two Se atoms. 

Because of the mismatch of the lattice parameters, we used WSe2 lattice parameters in the calculations 

because WSe2 is not expected to have a large strain after deposition. At the same time the main effects from 

the ferromagnetic substrate will be captured despite a slight bi-axial tensile strain. 

The band structure of the supercell contains bands from both EuS and WSe2. Majority of the bands are 

formed by the electrons of either EuS or WSe2. There is a small overlap of orbitals for a few bands related 

to interface. The equilibrium Eu-Se distance at the interface is larger than 3.08 Å, i.e. relatively large for 

forming strong covalent bonds that could lead to band mixing. We plotted the bands of WSe2 character to 

discuss the effect of the ferromagnetic interface on the optical transitions in this system. 

The positions of top valence and bottom of the conduction bands at K and K’ points of the Brillouin Zone 

are given in Table I. It clearly shows the splitting due to the exchange field produced by the EuS substrate. 
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  (a) (b) 

Figure.3.13 (a) Model WSe2 monolayer placed on the (111) surface of EuS (terminated by Eu). (b) The 

lattice parameters of the supercell of WSe2 (8.7 Å) match well with the lattice parameters of EuS (8.44 

Å). 

Based on the calculated results, the interband transition (A exciton) at the K valley for spin-up bands (σ+) 

is Δ↑
𝑜𝑝𝑡 (K) = E(c, K) − E(v, K) = 1.106 eV versus that at the K′ valley for spin-down bands (σ−), Δ↓

𝑜𝑝𝑡 (K′) 

= E(c, K′)−E(v, K′) = 1.116 eV. The energy splitting for the A exciton at the K and K′ valleys is thus about 

10 meV, equivalent to an external magnetic field of about 50 T. As for B exciton, the energy splitting is 

about -24 meV (Δ↑
𝑜𝑝𝑡 (K) = 1.238 eV, Δ↓

𝑜𝑝𝑡 (K′) = 1.262 eV), equivalent to an external field of about 120T. 

The (111) Eu-terminated surface of EuS is polar, which is unstable. The polar surface would create 

significant charge transfer at the interface and artificially overestimate the exchange valley splitting. 

Experimentally, (111) oriented EuS should reconstruct with both Eu and S termination. This issue will be 

addressed in the next chapter. 
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3.7 Summary 

In conclusion, we have demonstrated a greatly enhanced valley splitting in monolayer WSe2 by utilizing 

the interfacial MEF from the ferromagnetic EuS substrate. Experimentally, the valley splitting is enhanced 

by more than an order of magnitude, equivalent to an effective magnetic field of 12 T for A exciton. Valley 

splitting for B exciton is -4meV at 1T equivalent to a field of 20 T. The field and temperature dependence 

of splitting scales with the magnetization of EuS, which confirms the exchange-field origin. The theoretical 

work also successfully predicted that the splitting sign for A and B exciton is reversed. Our work offers an 

enhanced capability to control the valley and spin polarization. For example, by electric gating, it is possible 

to tune the chemical potential to polarize selected valleys. As the charge carriers are also carriers of spin 

and valley-dependent orbital angular momentum, anomalous charge, spin and valley Hall effects are 

expected. The convenient manipulation of such degrees of freedom offers a new model for classical and 

quantum information-processing applications. 
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Chapter 4: Valley splitting in monolayer WS2 and MoS2 

4.1 Introduction 

Interfacial magnetic exchange field is successfully induced by ferromagnetic substrate EuS to monolayer 

WSe2. An enhanced valley splitting is detected for both A and B exciton experimentally and predicted 

theoretically as well. Whether these MEF could also be induced to other TMDs is worth exploring. WS2 

and WSe2 are expected to possess different band alignment with EuS and thus different exchange 

interactions. We then investigated their valley exciton splitting by magneto-reflectance measurements. We 

show that in WS2/EuS, the magnetic proximity effect results in a giant valley exciton splitting, up to two 

orders of magnitude higher than that obtained from an external magnetic field. Moreover, a sign reversal of 

the splitting is observed by comparing the behavior of WS2/EuS vs WSe2/EuS. Using first principles 

calculations, we elucidate the critical role of the interface, in particular the effects of the competition 

between different surface terminations on band alignment and the exchange. The possibility to tune not 

only the magnitude but also the sign of valley splitting offers opportunities to explore new physics, and 

provides flexibility in valley control for applications in information processing. At last of this chapter, valley 

splitting in MoS2/EuS is also shown and discussed. 
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4.2 Giant valley splitting of A exciton in WS2 

Temperature dependent magneto-reflectance measurements were performed in the Faraday geometry to 

determine the valley exciton splitting of TMDs. In this geometry, the optical beam is parallel to the magnetic 

field and perpendicular to the sample. A linear polarizer and a Babinet-Soleil compensator was used to 

generate left and right circularly polarized light (the same set up as introduced in chapter 3). 

Figure.4.1 (a) shows the reflectance spectra of monolayer WS2 on Si/SiO2 substrate, measured at 7 K and a 

magnetic field of 0 (up) and 7 T (down), respectively. While Figure.4.1 (b) shows the reflectance spectra of 

WS2 on ferromagnetic EuS substrate measured at identical conditions. The vertical axis labeled as R/R0 

represents the ratio between the reflectance of WS2 and either Si/SiO2 or EuS substrate background. A 

complex (absorptive + dispersive) Fano line shape was used to fit the reflectance spectra to extract the 

transition energies. The local minima were found to be ~ 2.1 eV, corresponding to the A exciton transition 

energy. In both figures, the left (right) circularly polarized light, denoted as σ+ (σ-), corresponds to the inter-

band transition at the K (K) valley. As can be seen from the top panels in Figure.4.1 (a) up and (b) up, at 

zero field, the σ+ and σ- spectra match well with each other, confirming the degeneracy of the two valleys. 

When a +7 T magnetic field is applied, however, an energy shift of the exciton transition is observed for 

WS2 on both Si/SiO2 and EuS substrates (Figure.4.1 (a) down and (b) down). The σ+ spectrum shifts to 

lower energy, while the σ- spectrum shifts to higher energy for WS2 on Si/SiO2. While spin, atomic orbital 

and valley orbital magnetic moments all contribute to the Zeeman shift of the valley states [6-9], it is 
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understood that the valley exciton splitting, which is the difference between the exciton transition energies 

in the K and K valleys defined as ΔE E(σ-)-E(σ+), is dominated by the atomic orbital moment of the top 

valence band at the K and K valleys, each contributing 2 µB and -2 µB, respectively [1]. The Zeeman 

splitting of the valley exciton is thus ΔE =4µBB, where B is the applied magnetic field. The valley splitting 

of WS2 on Si/SiO2 is measured to be 1.5 meV at 7 T, consistent with the prediction and the values reported 

earlier [37]. For WS2 on EuS, however, unexpected behaviors are observed. As can be seen from Figure.3.10 

(b) down, the separation between the σ+ and σ- spectra is much larger, i.e. a much larger valley exciton 

splitting. Moreover, the sign of valley exciton splitting is reversed, with σ+ spectrum shifting to higher 

energy while σ- shifting to lower energy. The sign of ΔE is also opposite to that of WSe2/EuS reported by 

us previously [39]. This sign reversal suggests interesting physics from the magnetic proximity effect that 

are qualitatively different from the Zeeman effect. 

(a) (b) 

Figure.4.1: (a) Reflectance spectra of monolayer WS2 on Si/SiO2 substrate at B= 0 T and 7 T. (b) Reflectance 

spectra of monolayer WS2 on EuS substrate at B= 0 T and 7 T. 
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To elucidate the origin of the valley exciton splitting induced by the EuS substrate, we measured and plotted 

in Figure.4.2 (a) 𝛥𝐸 of A exciton transition as a function of the applied magnetic field for monolayer WS2 

on EuS and SiO2, respectively. We also plot the data of monolayer WSe2 on EuS for comparison There are 

clear contrasting behaviors in the dependence of 𝛥𝐸 on B. For WS2 on SiO2, ΔE increases linearly with 

increasing magnetic field at a slope of ~ 0.2 meV/T (Figure.4.2 (a), red dots), consistent with a g-factor of 

~ 4. As for WS2 on EuS, 𝛥𝐸 vs B shows prominent nonlinear behavior, with an initial slope of -18 meV/T 

at |B| <1 T (for WSe2 on EuS, the slope is +2.5 meV/T). The magnitude of 𝛥𝐸 for WS2/EuS corresponds to 

a g-factor of -360, which is nearly two orders of magnitude higher than that on Si/SiO2 substrate and 7 times 

higher than the value of WSe2/EuS. This giant enhancement in valley exciton splitting clearly originates 

from the interactions between the monolayer WS2 and the magnetic EuS substrate. 

Figure.4.2: (a) Field dependent valley exciton splitting ΔE of WS2/EuS (black squares), WS2/SiO2 (red 

squares) and WSe2/EuS (blue circles) measured at 7 K. The lines serve as guide to the eye. (b) Field-

dependent valley splitting ΔE of WS2/EuS and magnetization M of EuS measured in 7K, 12K, 20K and 
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50K superimposed on each other. Both ΔE and M are normalized by their saturation values at 7K. Points, 

normalized ΔE; lines, normalized M. 

If the valley splitting originates from the magnetic proximity effect, 𝛥𝐸 of WS2 as a function of B field 

should follow the trend of the out-of-plane magnetization of EuS, as Bex∝<Sz> 11. To verify this, the field 

dependent valley exciton splitting of WS2/EuS and the out-of-plane magnetic hysteresis loops of the EuS 

film were measured at identical temperatures ranging from 7 to 50 K, and plotted in Figure.4.2 (b). A linear 

background of 0.2 meV/T is subtracted to reveal the net contribution from MEF, which is denoted as 𝛥𝐸𝑒𝑥. 

𝛥𝐸𝑒𝑥 and the magnetization M are normalized by their saturated values at 7 K, respectively, and the sign of 

the magnetization is inverted so that the two sets of data can be conveniently compared. EuS is a soft 

magnetic material with its easy axis in the plane. As can be seen from Figure.4.2 (b), the hysteresis loop 

shows negligible remnant magnetization, and saturates at approximately 2 T at 7 K. With increasing 

temperature, the saturation magnetization decreases accordingly. As T increases to 50 K, M becomes 

approximately linear. EuS has a Curie temperature TC of 16.7 K, and is expected to be paramagnetic at 50 

K. However, the EuS film at 50 K shows a magnetic susceptibility larger than that expected for a typical 

paramagnetic material, suggesting some residual ferromagnetic correlation. As for valley exciton exchange 

splitting, at 7 K, 𝛥𝐸𝑒𝑥 increases rapidly with increasing field for |B|<1T; above 1 T, 𝛥𝐸𝑒𝑥 increases slowly 

and then tends toward saturation at higher fields. With increasing temperature, the saturated value of 𝛥𝐸𝑒𝑥 

decreases. As T further increases to 50K, 𝛥𝐸𝑒𝑥 shows approximately linear field dependence with a slope 

of –0.4 meV/T. As the non-magnetic background has already been subtracted, this value reflects the 

contribution from MEF of the EuS substrate. The field-dependence of 𝛥𝐸𝑒𝑥 is observed to be closely 
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mimicking the behavior of magnetization at different measurement temperatures, as can be seen from 

Figure.4.2 (b). This unambiguous correlation between valley exciton splitting for WS2 and out-of-plane 

magnetization of EuS clearly establishes the MEF as the origin of valley splitting. The sign reversal of 

valley splitting, however, reflects the complicated behavior of exchange interactions, which remains to be 

understood. 

Figure.4.3: The magnetic moment of 10 nm EuS as a function of temperature measured at 1 T 

Magnetization of 10nm EuS as function of temperature is shown in Figure.4.3. We also measured the valley 

splitting of WS2 on EuS at 1T in different temperature. If we overlay these two sets of data together, they 

have a very good match. These data provide another prove that the enhancement of valley splitting origins 

from MEF induced by substrate. 
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4.3 Calculation and theoretical model 

To explain the sign reversal in WS2, we proposed a more detailed models compared to the model introduced 

in chapter 3. Our collaborator Dr. Renate Sabirianov provides calculation result by using DFT method. 

Exchange coupling between the EuS substrate and TMDs occurs predominantly between states of transition 

metal (Mo, W) and magnetic surface atom (Eu in our case). The exchange interactions are of indirect 

exchange type mediated by non-magnetic chalcogen elements. The situation is different from the 

conventional super-exchange picture where exchange is considered between two transition metal cations 

mediated by a non-magnetic anion. Eu possesses large localized f-state magnetic moment. Its d-orbitals 

(partially populated with ~ 0.4e) are relatively weakly polarized (~0.1 μB) by the core f-electrons and, thus, 

the exchange is indirect. Nevertheless, the magnitude and sign of exchange interactions depend sensitively 

on the interface structure, i.e. interatomic distances and termination of the surface. 

Due to the hexagonal structure of TMDs, it is not possible to construct a perfectly lattice matched interface 

between TMD and EuS. For example, (100) and (011) surfaces of cubic systems do not match by symmetry, 

while (111) surface of EuS does not match due to large difference in lattice parameters. Furthermore, (111) 

surface for EuS and many other cubic systems is polar, and reconstruction inevitably occurs to avoid the 

polar catastrophe. In most earlier theoretical calculations, a (111) polar surface was assumed [12, 38]. This 

leads to strong electrostatic interaction between TMD and the magnetic substrate, reducing the interlayer 

70 



 

            

        

 

                    

                  

               

                   

                

            

              

            

            

              

           

      

 

               

               

                   

               

                 

distance and promoting the exchange interactions. The calculated valley exciton exchange splitting was 

often orders of magnitude larger than experimental observations [12, 38]. 

The realistic surface of an EuS thin film may not have a (111) surface terminated simply by either Eu or S 

because of the polarity issue. Thus, the surface is expected to have about the same number of surface Eu 

and S sites (which is true for (100) and (110) high symmetry terminations). The TMD deposited on EuS in 

this case will have nearly the same distance to the surface S and Eu sites. For monolayer WSe2 or WS2, the 

exchange coupling between W and Eu sites will then be mediated either by single S/Se site in TMD or 

double chalcogenide “bridge” as shown in Figure.4.4. If indirect exchange favors AFM coupling for a single 

chalcogenide bridge, the interaction for the double chalcogenide bridge would be FM and vice versa. In 

considered layered systems, exchange interactions should depend strongly on the surface atom 

arrangements and interlayer distance, as well as surface polarity. W has less than half-filled 4d shell and 

should have FM indirect exchange and its magnitude is expected to decrease with increasing distance. The 

average of the exchange effects from Eu- and S-terminated surfaces should give reasonable expectation 

values of the net substrate effects. 

The structural model constructed for EuS (111) polar surface have relatively low mismatch with monolayers 

of WS2 and WSe2, which have lattice constants of 3.148 Å and 3.316 Å, respectively. The lattice parameter 

of EuS is 5.97 Å and it has rock salt structure making the in-plane lattice constant of (111) surface of EuS 

~8.44 Å. Using √3×√3 construction of unit cell we can reduce the lattice constant to ~7.3 Å. Because TMDs 

are not expected to have large strain in the experimentally deposited systems, we have kept lattice parameter 
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of the supercell equal to equilibrium lattice parameters of WS2 or WSe2. This induces relatively large strain 

in EuS lattice; however, it is sufficient to explore the effect of the substrate on the electronic states of TMDs. 

We considered Eu-terminated and S-terminated EuS surfaces that is shown schematically in Figure.4.4. 

Figure.4.4: Schematic diagram of the structural model of WS2/EuS for Eu-terminated (left) and S-

terminated (right) surfaces of EuS. 

Figure.4.4 shows that the exchange field effect between magnetic Eu- and W- states is mediated by the non-

magnetic chalcogen element. For WS2, the interaction between Eu and W states is mediated by S for Eu-

terminated surface (single Se bridge), while Eu-S-S-W (double S-S bridge) is present for the case of S-

terminated surface. For WSe2, the interaction between Eu and W states is mediated by Se for Eu-terminated 

surface (single Se bridge), while Eu-S-Se-W (double S-Se bridge) is present for the case of S-terminated 

surface. 
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Results of DFT calculations. 

Our calculation shows that depending on the termination of EuS surface (Eu vs. S), the Eu-W distance 

varies significantly (Table 1). 

Table 1. Calculated equilibrium interlayer distances for polar surfaces of WS2 and WSe2 on EuS. 

Eu-terminated (Å) S-terminated (Å) 

WS2 2.76 3.19 

WSe2 2.77 3.21 

In our calculations, we kept the distances between TMD and the surface equal for both Eu and S 

terminations because the realistic surface should have mixture of S and Eu terminations to remove the 

polarity. In this case the TMD monolayer will be planar and keep nearly the same distance for either 

termination. This distance was chosen to be the relaxed spacing calculated for Eu-terminated surface (2.76-

2.77 Å), due to the stronger electrostatic interactions between the Eu sites and chalcogen elements in TMDs. 

Thus, the discussion of the differences and similarities of TMD properties deposited on EuS will be the 

most consistent. 

Eu terminated (111) polar surface – Overall, WS2 on the polar Eu-terminated EuS surface shows behavior 

similar to that of WSe2, as seen in band structure plots in Figure.4.5 (a) and (c) and projected partial density 

of states (DOS) in Figure.4.6 (a) and (c). Due to the electrostatic attraction between the surface Eu and S 

sites, there is a significant redistribution of the charges in WS2 (WSe2) and dipole moment forms at the 

interface. The Fermi energy falls into the conduction band and is likely due to the polarity of the interface 
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accompanied by the significant charge redistribution in TMD monolayer. 

The band structure shows considerable shift in conduction and valence bands due to the presence of the 

EuS substrate. As can be seen from Figure.4.6 (a) and (c), the conduction band edge of WS2 (WSe2) (red) 

aligns with that of EuS (black) and causes large exchange splitting between the majority and minority states 

of TMDs. The on-site exchange splitting is about 0.2-0.3 eV, noticeable in the shift of the DOS seen in 

Figure.4.6 (a) and (c). Note that one should differentiate the edge of the conduction bands from the W-d 

states responsible for optical transitions. This can be seen clearly from Figure.4.5 (a) and (c). Labeled by 

the circle in Figure.4.5 (a) are the conduction band edge states with large exchange splitting between the 

majority and minority states. They are dominated by interfacial S states that are hybridized with W s,p-

states. On the other hand, the edge of the valence states has substantially smaller exchange splitting due to 

the different character of the bands that is made up mainly of W d-states (Figure.4.5 (a) and (c)), and there 

are no interface related states at this energy window. As a result, the interfacial states in the conduction band 

do not contribute to exciton intensity. The distinguishing feature of such a system is the presence of spin 

polarization in WS2 (WSe2) resulting in finite magnetic moments of about 0.1 μB/f.u. This induced moment 

is significant and should be detectable by X-ray magnetic circular dichroism. 

On the other hand, the bottom of the W d-states in the conduction band responsible the optical transition is 

located above the conduction band edge. The spin-resolved bands for W d-states are shown in Figure.4.5 

in red and blue color for majority and minority states, respectively. These states exhibit a spin state 

“inversion” between K and K high symmetry points of the Brillouin zone and are responsible for exciton 
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optical spectra. The on-site exchange splitting of 0.2-0.3 eV is nearly an order of magnitude larger than the 

exchange shift of W d-states (~0.04 eV). Note that it is the difference in the exchange shift of W d-states 

between the K and K valleys that is responsible for the experimentally observed valley exciton splitting. 

S terminated (111) polar surface – For the S-terminated (111) polar surface, the Fermi energy falls into 

the valence band due to the polarity at the interface opposite to that in Eu- terminated surface. There is still 

a small magnetic moment (~0.01 μB/f.u.) observed in the TMD layer. It is worth to note that the band 

alignment between WS2 and EuS is now different from that between WSe2 and EuS, due to the difference 

in the bandgap of the two TMD systems. Bandgap of WS2 is about 1.9 eV, while it is only ~1.3 eV for WSe2. 

Because the bandgap of EuS of 1.6 eV is in between, in the conduction band, the W d-states of WS2 appears 

to be inside the interface related bands (Figure.4.5 (b)). This is in clear contrast to Eu-terminated case, 

where W d- states are above the interface related S states (Figure.4.5 (a)). On the other hand, the W d-states 

of WSe2 is located at the bottom of the conduction band and below the interface related states (Figure.4.5 

(d)). As a result of this band alignment, larger exchange field is expected for WS2 than for WSe2 in the 

conduction band (see Table 3). 

The valence band also show opposite shift of W-d states due to the presence of EuS compared to the one in 

case of Eu-terminated surface, similar to that of conduction band. Clearly, the magnitude of this exchange 

shift (~ 0.01-0.03 eV) is smaller both for WS2 and WSe2 than Eu-terminated case. 
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Figure.4.5: Band structure of WS2 (a and b), and WSe2 (c and d). left panel: Eu-terminated EuS, right 

panel: S-terminated EuS. Notice that the shifts of the valence and conduction bands in cases of Eu- and S-

terminations are in opposite directions due to the opposite polarity. 
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Figure.4.6: Partial Densities of States of surface Eu (black) and W (red) of WS2/EuS and WSe2/EuS for 

polar surface of EuS: (a) WS2/EuS terminated by Eu atoms; (b) WS2/EuS terminated by S atoms; (c) 

WSe2/EuS terminated by Eu atoms; and (d) WSe2/EuS terminated by S atoms. (Upper half of the plots -

majority, lower half of the plots -minority). Fermi energy is placed at zero and marked by dashed vertical 

line. 

W d-states energies at K and K valleys and valley exciton splitting 

In the following discussions, we focus on excitonic transitions and valley exciton splitting. Unless otherwise 
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specified, the conduction band and valence band refer to those of W d-states, and the band gap refers to the 

optical band gap. The energies of the lowest conduction and highest valence bands of TMDs are extracted 

and displayed in Table 2, to obtain the valley exciton transition energies assuming vertical excitation at K 

and K points. 

Table 2. K and K valley energies for the top valence and bottom conduction W d-states bands for each 

spin. 

WS2 WSe2 

Eu-terminated S-terminated Eu-terminated S-terminated 

K K K K K K K K 
Ev(↓) (eV) 0.3859 0.7651 1.9609 2.3535 0.2325 0.6328 1.6153 2.0657 

Ev(↑) (eV) 0.7156 0.3414 2.3620 1.9884 0.5508 0.1669 2.0927 1.6552 

Ec(↓) (eV) 2.5597 2.6619 4.0715 4.0453 2.0618 2.0998 3.3043 3.3412 

Ec(↑) (eV) 2.6065 2.5271 4.0815 4.0920 2.0098 1.9885 3.3584 3.3180 

Eg (eV) 1.8909 1.8968 1.7195 1.6918 1.4590 1.4670 1.2657 1.2755 

ΔEex (meV) 5.9 -27.7 8.0 9.8 

ΔEavg (meV) -11 +8.9 

The exciton energies of TMDs depend on the relative shifts of valence and conduction bands due to the 

exchange interactions between the TMDs and the magnetic substrate, as shown in Table 2. The valley 

exciton splitting, defined as ∆𝐸𝑒𝑥  𝐸(𝐾) − 𝐸(𝐾), for WS2 vs WSe2 on the polar surfaces are quite 

different. For WS2, it is relatively small and positive for Eu-terminated surface, while it is large and negative 

for S-terminated surface. The reconstructed non-polar EuS surface is expected to have near equal ratio of S 

and Eu sites. Thus, averaging effects from Eu and S terminated surfaces should give reasonable expectation 

values of the net valley exciton splitting. Accordingly, the calculated valley exciton splitting for WS2 on 
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EuS is -22 meV, which is reasonably close to the experimental value of -18 meV. For WSe2 on EuS, on the 

other hand, the splitting is moderate and positive for both Eu- and S- terminated surfaces. As a result, the 

averaged valley exciton splitting is ~+9 meV. This is close to the value reported earlier by us considering 

the Eu-terminated polar surface alone [39]. Thus, by considering the realistic EuS surface and competing 

exchange effects from the Eu- and S- terminated sites, our theoretical results are consistent with the 

experimentally observed sign reversal in valley exciton splitting in WS2 compared to WSe2. 

Fitting DFT results to the Model Hamiltonian 

To fully understand the sign reversal in valley exciton splitting, we fitted the DFT results using minimum 

band model to extract the band gap, spin orbit coupling and exchange parameters. As discussed in our 

previous studies, the exchange field produces opposite band edge shifts at K and K valleys due to spin 

contributions, as the spin characters of the bands are opposite in different valleys [39]. However, if exchange 

field would be the same for conduction and valence bands, then neither the spin (because interband optical 

excitation occurs between states of the same spin) nor the valley orbital moment would contribute to the 

exciton shift in a magnetic field due to reorientation of substrate magnetization. Thus, atomic orbital 

moment is expected to contribute to the valley exciton splitting similar to that from an external field[7-9, 

37]. Nevertheless, the separation of the contributions of exchange effects from the spin and orbital moments 

is not straightforward. Therefore, we will discuss the combined effect as obtained in DFT+U calculations. 

The Hamiltonian of TMDs, which has orbital parts, describing two band k‧p gapped Dirac states with 

addition of spin-orbit coupling and exchange interactions are: 
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𝐸𝑔 
𝐻𝑜𝑟𝑏 = ℏ𝑣𝑓(𝜏𝑘𝑥𝜎𝑥 + 𝑘𝑦𝜎𝑦) + 𝜎𝑧 Eq. 1 

2 

𝐻𝑆𝑂 = 𝜏𝑠𝑧[𝜆𝐶𝜎+ + 𝜆𝑉𝜎−] Eq.2 

𝑉 𝐻𝑒𝑥𝑐ℎ = −𝑠𝑧𝜇𝐵 (𝐵𝑧
𝐶𝜎+ + 𝐵𝑧 𝜎−) Eq.3 

Where 𝑣𝑓 is the Fermi velocity of the Dirac electrons, 𝐸𝑔 is the staggered potential (gap), 𝜎𝑖 are the 

1 0 0 1 
peudospin Pauli matrices operating on the sublattice A and B, 𝜎0 = ( ) , 𝜎𝑥 = ( ) , 𝜎𝑦 = 

0 1 1 0

0
(
𝑖 

−𝑖 
) ,

0 
1

𝜎𝑧 = (
0 

0 
) ,

−1
1

𝜎± = (𝜎0 ± 𝜎𝑧) ,
2 

and 𝑘𝑥 and 𝑘𝑦 are the Cartesian components of the 

electron wave vector measured from 𝐾 (𝐾); parameter 𝜏 = 1 (-1) for 𝐾 (𝐾) valleys. 𝜆𝐶 and 𝜆𝑉 are 

intrinsic spin-orbit parameters for the conduction and valence bands, respectively, and 𝑠𝑧 is the Pauli spin 

𝐶 𝑉 matrix in the z direction. We have to introduce exchange fields 𝐵𝑧 and 𝐵𝑧 separately for the conduction 

and valence bands, to fit the obtained DFT eigenvalues because the DFT calculations reflect the combined 

effects and it is not straightforward to separate various contributions into a simple model. 

Table 3. Parameters of the minimal band model calculated from the DFT band structure results. 

Δ (eV) 𝜆c (eV) 𝜆v (eV) 𝐶 𝐵𝑧 (T) 𝑉 (T)𝐵𝑧 
𝐶 𝐸𝑒𝑥 = 2𝜇𝐵(𝐵𝑧 -

𝐵𝑧 
𝑉 ) (eV) 

WS2, Eu-

termination 

2.0368 0.0908 0.3768 478 428 +0.0058 

WS2, S-

termination 

1.9063 0.0184 0.3831 -311 -74 -0.0276 

WSe2, Eu-

termination 

1.6442 0.0297 0.3921 777 708 +0.008 

WSe2, S-

termination 

1.4732 0.0387 0.4440 -149 -233 +0.0098 

The fitted band gaps, the spin-orbit parameters and the exchange parameters are shown in Table 3. 
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Depending on terminations, the exchange interaction between the EuS substrate and W is mediated by either 

a single (in the case of Eu-termination) or double (in the case of S-termination) chalcogen sites. As can be 

seen from Table 3, the effective exchange fields for Eu-terminated surface sites are larger and positive (FM). 

The large on-site exchange splitting of Eu d-states (i.e. strongly spin polarized) translates to the opposite 

shift in the majority and minority W d-states with overall large FM exchange (expected for less than half-

filled d-shell elements). The magnitude of the effective exchange fields is very large, reaching 𝐵𝑧
𝐶 =777 

T in the conduction band of WSe2 for Eu-terminated surface. The exchange interaction results in a giant 

valley splitting of 45 meV in the conduction band of WSe2. These values are 478 T and 28 meV in the 

conduction band of WS2 for Eu-terminated surface. The effective exchange fields for S-terminated EuS 

surface sites are smaller and negative (AFM), being -149 T and -311 T in the conduction bands of WSe2 

and WS2, respectively. The opposite signs of exchange for different terminations result in competing 

interactions for a realistic reconstructed EuS surface with equiatomic ratio. The calculated exchange fields 

𝐶 for the valence bands 𝐵𝑧
𝑉 are also displayed in Table 3, showing similar trend to those of 𝐵𝑧 . 

One should clearly distinguish between the valley splitting of the conduction and valence bands, and the 

valley exciton splitting. The valley splitting of the conduction and valence bands is the energy difference 

𝐶 𝐶 of those bands between K and K′ valleys, which depends on the effective exchange fields 𝐵𝑧 and 𝐵𝑧 . For 

both WS2 and WSe2, the indirect exchange interactions are larger and FM for Eu-termination, while smaller 

and AFM for S-termination. As a result, the net effective exchange between TMDs and EuS is expected to 

be FM for a realistic EuS substrate with surface reconstruction. In the case of the A exciton, the effective 

exchange field always lowers (raises) the energy of spin up (down) bands in the K (K) valley (Figure.4.7), 
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and the valley splitting of the conduction and valence bands do not change sign for different TMD materials. 

The valley exciton splitting, on the other hand, is defined as the difference between the exciton transition 

energies of K and K′ valleys. Its sign is dependent on the relative shift of the conduction and valence bands 

in the two valleys. For WS2, the effective exchange field for the conduction band 𝐵𝑧
𝐶 is smaller than that 

for the valence band 𝐵𝑧
𝑉 , i.e. the exchange splitting is smaller in the conduction band than in the valence 

band. The band gap thus increases in the K valley while decreases in the K valley, resulting in a negative 

valley exciton splitting 𝐸𝑒𝑥 (see Figure.4.7). The situation for WSe2 is just the opposite, leading to a 

positive 𝐸𝑒𝑥. 

Experimentally, magneto-reflectance were used to probe the valley exciton splitting. However, it cannot 

yield information on exchange splitting for the conduction and valence bands separately and thus the type 

of effective exchange interaction. Additional measurements by, for example, angle-resolved photoemission 

spectroscopy could give information about the occupied states, while inverse photoemission spectroscopy 

may shed light on the conduction states. Both experiments can be technologically relevant: while valley 

exciton splitting allows optical access of valley degree of freedom by light helicity and frequency, valley 

splitting of the conduction and valence bands allows electric gating to realize valley polarization of either 

electrons or holes. 
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Figure.4.7: A schematic of the valley A exciton splitting for WSe2 (A) and WS2 (b). 

The origin of the sign reversal in valley exciton splitting from positive (+2.5 meV/T) for WSe2 to negative 

(-18 meV/T) for WS2 should be rooted in the detailed electronic structures of the TMDs and the EuS 

substrate, and their band alignment. The conduction and valence band splitting is dominated by the spin 

contributions. It can be seen from Table 3 that their signs are consistent for WS2 and WSe2, and only depend 

on surface termination. On the other hand, the valley exciton splitting 𝐸𝑒𝑥, as seen from both Table 2 and 

3, is dominated by atomic orbital contributions, as spin contribution cancels out in the optical transition. In 

this case, there is a sign reversal from positive for WSe2 to negative for WS2. It mainly comes from the 

difference for the S-terminated surface. Such difference suggests that the spin-orbit coupling appears to 

change sign from FM for WSe2 to AFM for WS2. While the mechanism remains to be understood, this is 

responsible for the observed sign reversal in valley exciton splitting. 

From the above discussions, it can be seen that there are two essential factors in controlling the magnitude 
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and sign of the valley splitting in TMDs due to magnetic proximity effect: the surface termination of EuS 

and the band alignment between TMDs and EuS. The indirect exchange interactions are FM for the one 

mediated by a single chalcogen bridge for Eu-termination, and AFM for the one mediated by a double 

chalcogen bridge for S-termination. This leads to competition between two type of exchange interactions 

for a realistic surface. Moreover, the band alignment determines the magnitude of the exchange splitting of 

the conduction and valence bands in TMDs. Together, they can determine the sign of valley exciton 

splitting depending on whether the band gap is raised or lowered in K and K valleys. Such understanding 

provides important guidance for designing the TMD/Magnetic heterostructures with tunable valley splitting. 

For example, surface termination can be varied by controlling the growth orientation of single crystalline 

EuS using molecular epitaxy; band alignment can be tuned by different combinations of magnetic materials 

and TMDs, and alloying of different TMDs such as W(SSe)2 [71]. Most recently, several groups reported 

discovery of intrinsic 2D ferromagnetic materials [72-74]. Combining these 2D magnets with 2D TMDs 

may offer a practical approach for valleytronics. 

4.4 Valley splitting of A exciton in MoS2 

Magneto-reflectance method is also performed to detect valley splitting of MoS2. In Figure.4.8, the valley 

splitting of A exciton MoS2 is enhanced to -2meV/T with the 1T field, which is similar to the behavior of 

WS2 but possesses a reversed splitting sigh compare to WSe2. However, when the field is larger than 1T, 

valley splitting has a 0.5meV/T slope whereas the splitting for MoS2 on non-magnetic substrate is 0.2meV/T 

(blue triangles). Different from WSe2 where the splitting slope is 0.2meV/T same as samples on non-
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magnetic substrate in range that field is larger than 1T. It indicates that the enhanced valley splitting of 

MoS2 may have some additional origin other than MEF, which need more study to understand. Black 

squares in the figure shows the valley splitting for sample at 50K which has a splitting slope of ~0.35meV/T. 

There might be some residual ferromagnetic moment in EuS at 50K, despite its low Tc of 16.7 K. 
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Figure.4.8: Valley splitting of MoS2 as a function of external magnetic field. Red circles represent data of 

sample on EuS measured at 7K, black squares are for sample on EuS at 50K while blue triangles are for 

sample on Si/SiO2 at 7K. 

In conclusion, MEF was detected on MoS2/EuS. However, some behaviors are still not fully understood, 

such as the anomalous large splitting slope at B > 1 T range. Future work is needed to elucidate its origin. 

4.5 XMCD study for TMDs on EuS 

The presence of exchange fields can be investigated by the induced magnetic moment in TMD band 
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electrons. However, such magnetism cannot be studied by conventional magnetometry due to its extremely 

small signal, which will be overwhelmed by that of the magnetic substrate. XMCD has been proven a 

powerful technique to detect interfacial magnetism due to proximity effects [75, 76], and can provide 

elemental specific information on both spin and orbital moments. We collaborate with Dr. Yongseong Choi 

at Argonne National Lab (ANL) and Xuemei Cheng’s group at Bryn Mawr College for XMCD studies of 

induced magnetic moments of W and Mo in TMDs, due to magnetic doping or interfacial exchange field 

of various magnetic substrates. Using the Advanced Photon Source (APS) at ANL (Beamlines 4IDC and 

4IDD), induced magnetic moments are detected in Mo elements for monolayer sample MoS2 on EuS 

substrates. This provides important information on the types of exchange coupling and magnitude of 

exchange fields. Reversal of XMCD signal with reversing magnetic field rules out artifacts. As for WS2 

samples, we did not detect induced magnetic moment in W atoms. Different results between W and Mo 

also provide a clue that exchange effect would have distinct influence on different elements 

Figure.4.9: X-ray absorption and XMCD signal at Mo L2 edge for MoS2/EuS, measured at 5 T. 
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4.6 Summary 

In this chapter, we report a systematic study of how interfacial MEF affects the 2D TMDs/EuS 

heterostructures by probing their valley Zeeman splitting for different types of excitons and different types 

of monolayer TMDs. We studied the valley splitting of the ‘A’ exciton in WS2 and in MoS2 monolayer 

deposited on ferromagnetic EuS substrate as case study to reveal the underlying difference between the 

exchange field and the externally applied field. In WS2/EuS, the ‘A’ exciton valley splitting shows a 

proximity induced giant valley splitting of about ~ |18| meV at |B|=1T coupled with a nonlinear dependence 

magnetic field proportional to the Magnetization of EuS. This giant splitting amount to about two orders of 

magnitude larger compared to the valley splitting of WS2/SiO2/Si. More interestingly, we observe an 

unexpected sign reversal of the splitting in WS2/EuS from that of its intrinsic splitting on a non-magnetic 

substrate due to an external field. Enhanced valley splitting is also detected in A exciton of MoS2, however, 

the splitting sign is also reversed. 

In WSe2/EuS, the ‘B’ exciton valley splitting also shows an enhancement of about 4 meV at |B|=1T. As in 

the case of the A-exciton in WS2/EuS, the sign of the splitting is reversed from that of the intrinsic splitting 

of WSe2 on a non-magnetic substrate due to an external field. This intriguing sign reversal in different 

TMDs and for different excitons suggests underlying rich physics in the TMDs/EuS heterostructures. While 

we believe that the sign reversal can be attributed to the different signs of exchange interactions 

(ferromagnetic vs antiferromagnetic) between the TMDs and the EuS substrate, the details remain to be 

understood. As a further exploration, we elucidate the critical role of the interface by using first principles 
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calculations, in particular the effects of the competition between different surface terminations on band 

alignment and the exchange. Nevertheless, the possibility of tuning not only the magnitude but also the sign 

of the valley splitting in TMDs provides new opportunities to control the valley degree of freedom. 
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Chapter 5 Device studies 

5.1 Introduction 

It has been mentioned by people that, monolayer TMDs have potential to be used in next generation 

applications such as transistors, photodetectors, ultra-fast lasers as well as spin lasers due to its unique 

properties. After we made some successful work on studying MEF between TMDs and ferromagnetic 

substrates. I also explored the possibility of fabricating new types of spin LED device utilizing our previous 

results. 

Electroluminescence (EL) from monolayer MoS2 and WS2 has been reported [77, 78]. While valley 

polarization by spin injection from a magnetic semiconductor Ga(Mn)As has also been realized in a vertical 

geometry [53]. As for lateral direction, spin-polarized charge carriers are injected to WSe2 by using 

ferromagnetic electrodes (permalloy) and transport into a MoS2, WSe2 heterostructures [52]. The Figure.5.1 

(a) shows structures of the device, where light emitting is realized by integrating WSe2 with MoS2 as a 

vertical p-n junction. The circular polarization of emitting light can be tuned by external magnetic field 

(Figure.5.1 (b)). 
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(a) (b) 

Figure.5.1: Figure and explanation adapted from reference [52](a) Schematic drawing of the device. Under 

the application of a positive bias voltage to the permalloy electrode, holes are injected from the permalloy 

electrode and recombine in the junction with electrons injected from the MoS2 side, resulting in light 

emission. (b) Electroluminescence (EL) polarization at 5T and -5T. Blue(red) lines represent the signal of 

𝜎+(𝜎−). 

The circular polarization can reach 17.5% by using this structure representing an efficient injection from 

permalloy electrodes. We designed another structure that may be possible to achieve higher circular 

polarization in EL signal by using proximity effect. 

(a) (b) (c) 
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Figure.5.2: (a) A schematic illustration of the valley light emitting transistor consists of a monolayer TMD 

heterojunction, where valley polarized holes injected from one side are recombined with unpolarized 

electrons from the other side, leading to the emission of circularly polarized light, tunable by a gate voltage. 

(b) A schematic diagram of band alignment when external magnetic field is applied. Conduction band K 

valley WSe2 will shift closer to conduction band of MoS2 when B field in Z direction. This will lead to a 

stronger EL signal of 𝜎+ . If B field is in –Z direction 𝜎− will bed stronger. (c) Band alignment of gold 

(yellow), MoS2 (red), WSe2 (blue) and Py (gray) [52]. 

The structure of our designed device is shown in Figrue.5.2. First, one side of a SiO2 substrate is coated 

with a magnetic layer such as EuS or other ferromagnetic materials; second, different types of monolayer 

TMDs will be transferred onto each side. For example, MoS2 will be transferred onto the SiO2 side while 

WSe2 on the magnetic side. Metal electrodes with different work functions will be deposited at each side to 

inject electrons into MoS2 and holes into WSe2. Ultra long valley hole lifetime of the order of µs has been 

reported in WSe2/MoS2 heterostructures [79], guaranteeing long distance transport of valley polarized 

carriers. The overlapping part of the TMDs forms an atomically sharp p-n junction. The exchange field due 

to the magnetic layer can lead to sizable splitting of the valence band of WSe2. A different band alignment 

between WSe2 and MoS2 is the main reason why there is EL signal from heterostructures edge. The MEF 

between the EuS and WSe2 will further change the band alignment when external filed exists. As shown in 

Figure.4.2 (b), conduction band of K valley of WSe2 will Zeeman shift to a position that is much closer to 

conduction band of MoS2 depending on reported band alignment (Figure.5.2 (c)) while magnetic field is in 

+ Z direction. More Electrons from MoS2 would transport into CB of K valley than to K’ valley, as the 
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result. In addition, a gate voltage will be applied to help tuning chemical potential of WSe2 close to its 

conduction band. A high circular polarized emitting light with strong intensity is expected. Our approach 

could avoid the low spin injection efficiency due to conductivity mismatch and interfacial spin flip 

scattering problems. 

5.2 Photolithography 

In microfabrication process, photolithography is a commonly used method to pattern parts of thin film or 

bulk on a substrate. It uses UV light to transfer a geometric pattern from a photomask to the substrate coated 

by photoresist. Exposed photoresist can be removed by developer. Deposition of metals or chemical 

treatments onto substrates are followed afterwards. Procedure precision of photolithography can reach to 

nanometers in size in industrial applications. Its main disadvantages are that it requires a flat substrate to 

start with, it is not very effective at creating shapes that are not flat, and it can require extremely clean 

operating conditions. According to my experience, for lab use, a device with size of 2µm to 50µm could be 

fabricated efficiently by using photolithography. 
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Figure.5.3: Diagram of photo-lithography steps. 

Procedure can be generally separated to several steps in sequence. The first step is surface cleaning: acetone 

or methanol are commonly used to remove any possible organic or in organic contaminations on the wafer 

surface. After the cleaning, the wafer will be heated to a temperature sufficient to drive off any moisture on 

the wafer, 180 C° for 5 minutes would work for most conditions. 

Second step: cleaned wafers will be covered with photoresist by spin coating. Spin rate of coating varies 

from different photoresist: photoresist type S-1818 (SHIPLEY S1800 Series Photo Resists) will need 

4500rpm spin rate and 45s to reach its expected thickness 180µm and any ridges of resist should have been 

removed. The photoresist-coated wafer is then baked at 110C for 60 seconds on a hotplate. 

Then we will go to the third step: exposure. Wafer will be put on stage of mask aligner where photomask 
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has already been loaded. Aligning the wafer and pattern on mask until the pattern needed is right above 

specific positon of wafer. A UV light with intense power will expose the wafer through your pattern for 

several seconds. The exposure to light causes a chemical change on photoresist, which will allow some 

special solution named ‘developer’ remove the photoresist. For positive photoresist like S-1818, exposed 

parts will be removed by developer; with negative photoresist, however, unexposed parts are soluble. My 

recipe is using MF-319 to remove exposed S-1818 after 12s exposure. This exposure time may change: 

since the power of UV light will decrease after long time use, it is necessary to calibrate exposure power in 

a period. 

(a) (b) 

Figure.5.4: (a) Edge of photoresist after developing with ~70 degrees angle. (b) Optical image of a damaged 

device after lift-off process. 

After developing, we are ready to deposit metals onto wafer as our contact for devices. Metals are deposited 

by ebeam evaporator in a stable rate. In general, 10nm of Cr, Ti or Pd is used as adhesion layer to be 

deposited onto wafers at first then followed with deposition of 50-70nm Au. After the deposition, the 
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photoresist is no longer needed and must be removed from the substrate. In this step, people use a specific 

type of solvent that are usually called remover to solve the photoresist. Different photoresist will need 

different remover: S-1818, which I am using, can be removed completely by remover 1165 in 60 C° for 

4h. Alternatively, photoresist may also be removed by liquid stripper, which chemically alters the resist so 

that it loses the adherence to the substrate, and plasma treatment as well. 

The process that depositing contact onto substrates is named as lift-off process. While a main problem for 

this process happens in the removing step: the deposited metals may still connect at the edge of photoresist 

(Figure.5.4 (a)). Because of the tiny scale of photomask, top part of photoresist blocked by photomask can 

still be exposed due to diffraction of UV light. After developing, the edge of photoresist will have an angle 

instead of being perpendicular to the substrates. Figure.5.4 (b) shows a possible result of inclined edge that 

after photoresist removal part of the contact metals may be removed together since they are connected to 

metals on the photoresist. To solve this problem, lift off resist (LOR) is induced to total process. 
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Figure.5.5: (a) Diagram of lift-off process with assistance from lift off resist (LOR). (b) Optical image of a 

device wit 2µm spaces. 

LOR works as an undercut layer in bi-layer lift-off process. It is designed for applications requiring high 

resolution imaging, easy process tuning, high yield and superior deposition line width control. 

In a general process, LOR is covered all substrate by spin coating before the photoresist layer coated. Spin 

speeds of 4500rmp for 45s generate a uniform film of LOR with thickness of around 100nm (different LOR 

may give different thickness: Micro Chem LOR and PMGI Resists). Pre-bake process which enable precise 

and reproducible control of undercut is followed. Different pre-bake temperatures influence the undercut 

rate greatly. One have to choose proper pre-bake temperature depending on the exposure dose for the 
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patterning resist, choice of developer, develop mode and develop time. I chose 190C as my baking 

temperature to reach a lowest undercut rate (~around 1µm in 45s). After the LOR coating and pre-baking, 

one can just follow the step of photolithography mentioned previously to finish the device fabrication. As 

shown in Figure.5.5 (a), the main difference at this moment is that undercut of LOR can separate the metals 

from photoresist leading to a clear remove (Figure.5.5(b)). A device with distance of 2µm was fabricated 

by using this method. The remover used here is EBR PG different from remover 1165 in previous case. 

(a) 

(b) 

Figure.5.6: (a) Edge of negative resist after developing with a negative angle. (b) Optical image of a printed 

EuS (blue color) by using negative resist. 

Negative photoresist is a different type of photoresist intended for lift-off techniques. Unlike positive 

photoresist which gives an inclined edge with slope of 70-85 degree, negative resist’s wall has a negative 

slope (Figure.5.6). Although the slope still exist, deposited metals can still be separated. A complete contact 

then can be left on substrate after removing process. 
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Negative photoresist AZ 5014E IR was chose in my recipe. Actually, this photoresist is still a kind of 

positive resist, but is capable of image reversal (IR) process resulting in a negative pattern of the mask. The 

image reversal capability is obtained by its special crosslinking agent in the resist formulation. A baking at 

temperature over 110 C° followed by exposure under UV light will active crosslinking agent that make 

those areas insoluble in developer and no longer light sensitive, while the unexposed areas still work like a 

normal positive photoresist. After a second time exposure, areas without exposure in the first time are 

soluble in standard developer for positive photoresist, while other areas remain. The final result is like a 

negative image. 

A typical process have several steps: the first step is to spin coating the photoresist onto substrates in a rate 

of 4000rpm for 30S. Pre-baking the substrates at 95 C° for 3min to dry out the moisture is followed. 

Temperature for prebaking should not exceed 110 C°. After prebaking, substrates need to be exposed with 

photomask for 2.5S (>200mJ/cm2), Then the most critical step of the IR-process comes that is called 

reversal-bake. In any case, this temperature should fall within the range from 115 C° to 125 C° (Clariant 

AZ 5124 E). If the temperature is too low, all areas of photoresist will be removed by developer after post 

exposure. While, if the temperature is chosen too high, the resist will thermally crosslink even in the 

unexposed areas resulting in no pattern. The reversal-bake temperature I choose is 115 C° with a 3min 

baking time. Afterwards, apply a post exposure for 25s (>500mJ/cm2) without mask and immerse substrates 

into AZ725MIF for 40S. Part of the resist will be removed, and make the samples ready for deposition. 
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EuS is patterned by using this technique, since we do not have suitable photomask for total process. 

Negative photoresist is more efficient than process using LOR. It only needs one kind of resist and one time 

develop and does not need concern about the undercut rate. Moreover, photomask for negative process in 

our case will give areas that is more visible (mask itself will block most areas of the substrate), makes the 

alignment of mask and substrate much easier. 

5.3 Fabricated Devices 

After successfully building contact on SiO2/Si substrates, it is time to consider geometry of devices for our 

experimental use. Transistors based on TMDs are reported by several groups. Some are using back gate that 

gate voltage is applied trough the Si substrate utilizing SiO2 as dielectric layer [80]. Others are using top 

gate technique: HFO or SiO2 is deposited on top of samples behaving as dielectric layer [16]. A liquid gated 

device is also performed by several groups [81]. Recently, a van der Waals heterostructures device platform 

is widely used to fabricate dual-gate transistors of monolayer TMDs [82]. 

(b) 
(a) 

Figure.5.7: Figure adapted from reference [82] (a) Schematic cross-section of a dual-gate transistor. (b) 

Optical image of an example for dual-gate transistor 
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Figure.5.7 (a) demonstrates the schematic cross section of a dual-gate transistor of monolayer WSe2 [82]. 

Monolayer WSe2 sample is encapsulated by thin films of hexagonal boron nitride (hBN) acting as dielectric 

layer as well as protection layer. Multilayer graphene works as contact in touch with monolayer WSe2 or 

top and bottom of hBN. Thin hBN can efficiently protect the monolayer TMDs from oxidation and other 

contamination, reserving the sample quality for longer time [83]. Since its high resistivity, only several 

nanometers of hBN is needed to work as dielectric layer, and give a result that a low gate voltage can switch 

the transistors [84]. Enhancement of transport mobility and intensity of PL are also observed in encapsulated 

samples [84]. A combine of optical, transport and magnetic measurements can be efficiently performed on 

this system [82]. Afabricated device is shown in Figure.5.7(b): four metal contacts locate in different places 

are working as drain, source, top gate and bottom gate, multi-layer graphene connect encapsulated 

monolayer WSe2 and dielectric layer to the metal contacts. 

To fabricate a four contacts device, with different types of contact if needed, photo mask as shown in 

Figure.5.8 (a) is chose. At first, a total lift-off process is performed to get a device shown in Figure.5.8 (a). 

Applying another lift-off process afterwards but depositing different metals. Especially, if a device that 

demands different work function of the contact, this technique will be useful. An as-fabricated device is 

shown in Figure.5.8 (b) where half of the contact is gold, the other part is titanium. 
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  (a) (b) 

Figure.5.8: (a) Optical image of a pattern on photomask. (b) Optical image of a devices fabricated by using 

pattern in (a). 

Until here, devices with demanding contacts geometry on the substrates have been fabricated. Next step 

would be how to transfer samples onto it. Different from before, the transfer method that is introduced in 

chapter 2 is not used here. The reason is that I have to transfer a specific sample to an exact position on the 

substrate, a requirement the PS method cannot meet. A widely used the technique meeting this requirement 

is to use PDMS to transfer. PDMS is a transparent polymer that will lose its adhesive force when the 

temperature is above 60 C° or more. It means that we don’t have to dissolve the polymer in transfer process. 

Therefore, when a sample on PDMS is aligned to the right position, heating up the substrate when the 

sample is in touch with substrate to 60 C°, lift off the PDMS then. Ideally, sample will be transferred onto 

the substrate, instead of staying on the polymer, and without too much residues as well. But this method 

can hardly work for CVD growed sample: CVD samples have strong van der Waals bound with the substrate 

that PDMS can barely lift them. 

Literally, exfoliation means to lift off thin films from a bulk sample. One need to search for samples with 
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high quality under optical microscope and then transfer them onto substrates. This technique is also reported 

and used by lots of groups [42, 85], different groups may approach this in a slightly different way. My 

recipe will be introduced here. 

Figrue.5.9: Schematic steps of exfoliation techniques of transferring samples. 

I start with a thin piece of TMDs crystal and lay that piece on the blue tape, a special kind of tape with weak 

adhesion. High quality crystals can be purchased from several companies like 2D materials, hqgraphene, 

or required from some groups growing crystals. Our WSe2 and hBN samples are purchased from 2D 

materials, while WS2 and MoS2 are borrowed from other groups. 

As shown in Figure.5.9, folding and unfolding the blue tape dozens of times will separate the big piece of 

crystal into tiny pieces with thinner thickness distributing all over the blue tape. Critical step here is using 

PDMS to lift some samples off and then searching monolayer samples under microscope (Figure.5.9). 
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When searching samples, a transmission light source is preferred to reflectance source since the color of 

samples with different thicknesses are different under transmission light. Transfer the samples to specific 

positions on substrate is done by aligning, touching and heating, in which, heating up should have more 

attention. Specifically, increasing the current source to ‘6’ on current source (around 6 amps) that will 

provide temperature about 60 C° before the touching procedure. To transfer sample, one need to lay down 

the samples until touching the substrate and then keep touching or 3mins. After slowly lifting off the PDMS, 

the sample will be left on substrate. A device will be fabricated by integrating layers of samples. Figure.4.10 

shows total process of how a dual-gated WS2 transistor is fabricated. 
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Figure.5.10: Schematic diagram of an example for fabricating a dual-gate transistor. And the last figure the 

IV measurement result of this transistor. 

From the first to the last: back-gate electrode graphene, back-gate dielectric layer hBN, monolayer WS2, 

drain contact, source contact, top-gate dielectric layer hBN, top-gate electrode graphene. 
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The last figure shows gate tuned drain-source current: current increased rapidly from 10nA to more than 

400nA when gate voltage changed from 4.0V to 4.6V. A good on/off behavior was detected at a very low 

gate voltage. To measure PL polarization in different doping concentration tuned by gate voltage would be 

our next step plan on this device. 

Another device that I fabricated incorporates heterostructure of WSe2 and MoS2 as introduced before. Two 

different geometry of devices were fabricated. One is to use different work function of Al (4.08eV) and Au 

(5.1eV) where Al can inject electrons to MoS2 and Au can inject holes to WSe2 (Figure.5.11) since different 

band alignment [52]. The blue colored rectangle is printed EuS by using image reversal (IR) technique. The 

as-fabricated sample cannot be used in transport test since MoS2 flake cracked during the transfer process. 

But optical measurements can still be applied on the hetero-structural part for some preliminary testing. 

(a) (b) 

Figure.5.11: (a) Optical image of WSe2 on EuS. This device has different type of metal electrodes: 

Aluminum and Gold. (b) Optical image of hetero-structure of MoS2 on WSe2. 
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The other geometry is shown in Figure.5.12 that graphene is used to connect MoS2 and WSe2 instead of 

metals. Considering the band alignment of MoS2 and WSe2, I believe that without different metals there 

would still be EL signal detected on the edge of MoS2 and WSe2. Asimple geometry of devices will decrease 

the total time on sample preparation. 

Figure.5.12 (b) gives the image of fabricated device: two multi-layer graphene connect MoS2 and WSe2, 

and part of the WSe2 is on printed EuS for spin injection. Transport measurement was applied as the first 

step, no current was detect, however. Problem may come from gap between two electrodes that MoS2 and 

WSe2 both have high resistivity that lead to a tiny current. As long as I applied 100V, there was still no 

current may imply some different reasons. More devices are needed for addressing problems. 

(a) (b) 

Figure.5.12: (a) Optical image of two gold electrodes with printed EuS near it. (b) Optical image of MoS2 

on WSe2 hetero-structure connected to electrodes by using multi-layer graphene. 

PL and Raman measurements were applied to the heterostructure, shown in Figure.4.13. In the Raman 

spectra, peaks of WSe2 and MoS2 were both detected. However, only WSe2 peak was shown in the PL 
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spectra. This result matched with reported PL and EL result of MoS2 and WSe2 heterostructure [52]. 

(a) (b) 

Figure.5.13: (a) Raman spectra of MoS2 on WSe2 hetero-structure. Both raman peaks of WSe2 and MoS2 

can be detected. (b) PL spectra of the hetero-structure. Only peak of WSe2 is detected. 

5.4 Summary 

In this chapter, I specifically introduce my effort on using TMDs in devices and explore possibility on spin 

LED application. I chose photolithography technique to build contact on substrates. Two different recipes 

of lift-off process are developed: combining positive photoresist and lift-off resist to build metal contacts 

with gap of 2µm was accomplished, using AZ5214 IR to perform an image reversal process is the choice 

for EuS printing. Personally, I prefer image reversal processing for lift-off process, if I may have more 

suitable photomasks. I explored and described complete recipe of exfoliating monolayer from crystals with 

layered structure and using PDMS polymer to transfer exfoliated samples onto substrates. Multi-functional 
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dual-gated WS2 was successfully made and gave a transistor behavior. I could not follow this device since 

some changes on research plan. But a complete recipe would help others to continue the research. At last, I 

showed a half-way LED device whose ideal geometry need to be explored to get transport current, finally, 

EL signal. 
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Chapter 6 2D magnetic materials 

6.1 Introduction 

Magnetism in 2D materials has attracted great interests recently. Intrinsic magnetic order in 2D limitation 

is not only important for fundamental studies but also show their potential in technological applications. 

There are several groups have reported their research on 2D ferromagnetic materials such as CrI3, CrGeTe3 

[73, 86]. I show one example in Figure.5.1, exfoliation method was used to get atomic thin layers of CrI3. 

Kerr rotation measurement was applied to detect the intrinsic ferromagnetism. 

Figure.6.1: Figure and explanation adapted from reference [86]: Crystal structure, layer thickness 

identification, and MOKE of bulk CrI3. (a) View of the in-plane atomic lattice of a single CrI3 layer. Grey 

and purple balls represent Cr and I atoms, respectively. The Cr3+ ions are coordinated to six I− ions to form 

edge-sharing octahedra arranged in a hexagonal honeycomb lattice. (b) Out-of-plane view of the same CrI3 
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structure depicting the Ising spin orientation. (c) Optical micrograph of a representative CrI3 flake. (d) 

Calculated optic l contrast map of the same flake with a 631-nm optical filter. The scale bar in c is 3 μ m. 

(e) Averaged optical contrast of the steps of the sample with different numbers of layers (circles) fitted by 

a model based on Fresnel’s equations (solid line). (f) Polar MOKE signal of a thin bulk CrI3 crystal. Room 

temperature 2D magnetism is also be reported in VSe2, MnSe2 and electric gated FeGeTe [74, 87, 88]. 

(a) (b) 

(c) 

(c) (d) 

 

               

                   

               

                

                

 

             

              

            

                 

  

 

  

a

Figure.6.2: Figure explanation adapted from reference [87]. (a) and (b) VSe2 monolayer islands 

preferentially nucleate at step edges on HOPG (a), while they grow more uniform monolayer films on MoS2 

substrates (b). STM imaging parameters: bias voltage, Vbias = 300 mV; tunnelling current, It = 0.9 nA. A 

moiré structure for the VSe2 monolayer (1L) on MoS2 is observed due to the lattice mismatch between film 
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and substrate. (c) M–H hysteresis loops taken at 10 and 330 K for monolayer VSe2 on HOPG substrate. The 

inset shows the in-plane L-MOKE loop at 300 K. (d) M–H loops taken at 100 K and 300 K for monolayer 

VSe2 on MoS2 substrate. Monolayer VSe2 samples are growed by MBE on MoS2 or HOPG substrates [87]. 

Kerr rotation (Figure.6.2 (c)) and VSM (Figure.6.2 (d)) are applied to measure the intrinsic ferromagnetism. 

However, a kind of material that possess both 2D magnetism and valley degree of freedom has not been 

specifically studied. A new emerging 2D material MnPX3 (X=S, Se) which has antiferromagnetic 

honeycomb is predicted to combine the 2D magnetism together with valley physics [89]. Similar to 2D 

TMDs, MnPX3 has two valleys K+ and K- on the edge of first Brillouin zone (Figure.5.3 (a)). While, the 

intrinsic antiferromagnetic order provide a new kind of valley degree of freedom which can be described 

as s∙τ degree of freedom with the absence of spin orbit coupling. To be specific, a left (right) polarized light 

σ+ (σ-) can only excite the electron with s ∙τ=+(-) (s represent the spin direction, τ represents the valley 

index which is + or -) (Figure.5.3 (b)). As the result, the σ+ can excited the spin up electrons in K+ as well 

as the spin down electrons in K- at the same time. If we focus on K+ valley, for spin up electrons, there will 

be a perfect circular dichroism. 
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Figure.6.3: Figure explanation is adapted from reference [89]. (a) (left) Néel afm of a honeycomb lattice. ↑ 

and ↓, staggered spin-density wave. (right) Spin-dependent lattice potential corresponding to the afm order. 

(b) s · τ– selective CD in the absence of spin–orbit coupling. When spin–valley coupling is present, the 

valleys can be doped asymmetrically. (c) Electron spin (bottom of conduction bands) fluxes under the action 

of Berry curvature of the Bloch bands and in-plane electric field. The spin-up and spin-down currents are 

shown in blue and green, respectively. Solid and dashed lines stand for the currents from K+ and K−, 

respectively. The spin and valley, (s, τ), indices are indicated in parentheses. E is an applied in-plane electric 

field. 

To explore those properties in MnPS3, I characterize the magnetic properties of MnPS3 and detect how 

optical reflectance peak and Raman spectrum depend on the layer of the materials. More importantly, for 

the first time, we show our effort to control the s∙τ degree of freedom by applying external magnetic field. 

Since the emergence of MnPS3, a new era for both valleytronics and 2D magnetism has been opened. 
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6.2 Characterization of MnPS3 

VSM was used to characterize the magnetic properties of bulk MnPS3. A small piece of MnPS3 was wax 

sealed into a capsule with Z direction of crystals facing upwards representing an out of plane measurement. 

Figure.6.4 is the temperature dependence of magnetic moment of samples at 0.5T external field, where the 

moment keep increasing when temperature is warming up and then stop increasing at 78K. This imply a 

Neel temperature of the sample at 78K. 
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Figure.6.4: (a) Magnetic moment of MnPS3 as a function of temperature at B = 0.5 T. (b) Moment vs 

magnetic field at different temperature. Antiferromagnetic behavior can be detected when temperature is 

below 53K. 

Furthermore, hysteresis loop of the sample as shown in Figure.6.4 (b) provide more information. At 70K, 

the moment is a linear function of magnetic field, while, as temperature decreasing, a nonlinear behavior 
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emerges. Specifically, at low field (B<3 T), total moment of the sample is almost zero. When the field is 

larger than 3T, moment start to increase as field increase. Moment has not saturated at 7T shows a high 

saturation moment of system. Out of plane Hysteresis loop gives a clear image that sample has anti-

ferromagnetism behavior. 
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Figure.6.5: (a) and (b) Optical image of exfoliated film of MnPS3 (up). Green cross points the position 

where we take Raman signal. Raman spectra of MnPS3 (down). P283 and P383 are corresponding to vibration 

mode of MnPS3. Different thickness of MnPS3 give different intensity of P283 and P383 peaks. 

After magnetic characterization, Raman and AFM measurement was further applied to exfoliated thin films 

in order to find a monolayer or multi-layer sample. As mentioned in the theoretic paper of MnPS3, the valley 

properties will be effective only when sample is down to several layers or even monolayers [90]. There are 
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several main peaks in Raman spectra for MnPS3, a similar intensity of peak P283 and P383 from sample to 

peak of Si substrate is a strong prove to thin layer. The Figure.6.5 shows the Raman spectrum of one samples 

I exfoliated. We can see that, at the first point on the sample, the Raman peaks are as weak as the peak of 

Si substrate; while, at the second point, Raman peaks of the sample are much stronger. This information 

prove that the flake at the first point is much thinner than second one. 

To give an accurate thickness of exfoliated sample, AFM measurements are applied. Figure.6.6 shows the 

AFM result of several samples, in which, the thinnest sample is 3nm, another sample shows a 5nm thickness, 

the sample we did Raman is 7nm. According to a published work [90], 1nm represents 1 atomic layer of 

MnPS3, that these samples have 3, 5 and 7 layers, respectively. 

(a) (b) (c) 

Figure.6.6: (a)-(c): AFM image of MnPS3 flakes (up). Thickness of the film (down). 
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6.3 Optical measurements of MnPS3 

To study the valley physics we use optical reflectance to detect the transition energy. The results showed 

that the transition energy have layer dependence (Figure.6.7). For the sample which is around 15nm thick, 

the reflectance peak is around 2.13eV. While for 7nm one, it is 2.42eV. For 3nm one it is 2.48eV. For spin-

valley study we choose thinner sample to magneto-reflectance measurement. 

(a) (b) 

Figure.6.7: (a) Optical image of MnPS3 (up). Green cross points the position where reflectance signal is 

taken. Reflectance signal for MnPS3 with different thickness (down). 

The same set up as shown in the chapter 3 was used to do magnetic reflectance measurements on MnPS3. 
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As the result shown in Figure.5.8, at 0T, there is a spontaneous polarization of absorption peak about -4%, 

𝐼+−𝐼−if we define polarization: P = . At 4T, the polarization is about 5%. We attribute this to spin valley 
𝐼++𝐼− 

(a) (b) 

contribution, but still need more experiments to ensure the result. 

Figure.6.8: (a) Reflectance spectra of MnPS3 at 0 T: black lines represent 𝜎− red lines represent 𝜎+ . A -

4% polarization is detected at 0 T. (b) Reflectance spectra of MnPS3 at 4 T. 5% polarization is detected. 

6.4 Summary 

Our study on MnPS3 shows that this material has very strong anti-ferromagnetic behavior at low 

temperature (T<70K). The Raman and the reflectance show a layer dependence behavior that can be used 

to characterize the thickness. During the exfoliation process, what commonly happened is that this material 

is easy to be cracked which makes it difficult to find a monolayer film. Optical measurement of multi-layer 

samples did not show an obvious result from spin valley polarization. And since there is no PL signal, spin 

valley polarization needs transport measurement to detect. 
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