
 

ABSTRACT 

 

YU, YIFEI. Two Dimensional Transition Metal Dichalcogenides: From Controlled Synthesis 

to Catalysis and Photonics. (Under the direction of Dr. Linyou Cao). 

 

Two dimensional transition metal dichalcogenides have attracted considerable 

attention for their great potential in the area of catalysis, lithium batteries, lubricant and 

optoelectronic in the past few years. It has emerged to be one of the hottest field of condense 

matter physics and materials engineering since it had been demonstrated that the direct 

bandgap structure of monolayer MoS2 and the high performance monolayer MoS2 transistors.  

Similar to graphene, the properties at the single layer are quite different from the bulk. The 

unique properties at atomic scale include a transition from an indirect bandgap in bulk to a 

direct bandgap in monolayer, large exciton binding energy, strong valley-spin coupling, light-

matter coupling, piezoelectric characteristics and nonlinear optics. In contrast to graphene, 

which is a semi-metal with no bandgap by nature, two dimensional transition metal 

dichalcogenides monolayers, such as MoS2, offer an attractive semiconductor option due to a 

direct bandgap of 1.9ev. This non-trivial bandgap makes two dimensional chalcogenide 

monolayers a better candidate than graphene to revolutionize many electronic and photonic 

devices that are currently dominated by traditional group IV or III-V semiconductor materials.  

Chapter 1 gives an introduction to the study of transition metal dichalcogenides 

materials and the motivation of our research works. 

Chapter 2 focuses on synthesis, characterization and applications of 2D chalcogenide 

materials. In this part, we present a new, self-limiting chemical vapor deposition approach that 

can exclusively grow high-quality monolayer or few-layer MoS2 films over an area of 



 

centimeters on various substrates such as silicon oxide, sapphire, and graphite. The layer 

number of the MoS2 films can be precisely controlled as 1, 2, 3, and beyond. The synthesized 

film shows unprecedented uniformity with no other layers found by thorough 

characterizations. It exhibits optical and electrical quality comparable to the MoS2 exfoliated 

from bulk materials, and can be transferred to other arbitrary substrates. 

In the coming chapter 3, we focus on the 2D heterostructures synthesis and 

characterization. We demonstrate that MoS2/WS2 heterostructures consisting of monolayer 

MoS2 and WS2 stacked in the vertical direction can enable equally efficient interlayer exciton 

relaxation regardless the epitaxy and orientation of the stacking. This is manifested by a similar 

2 orders of magnitude decrease of photoluminescence intensity in both epitaxial and 

nonepitaxial MoS2/WS2 heterostructures. Both heterostructures also show similarly improved 

absorption beyond the simple superimposition of the absorptions of monolayer MoS2 and WS2. 

Our result indicates that 2D heterostructures bear significant implications for the development 

of photonic devices, in particular those requesting efficient exciton separation and strong light 

absorption, such as solar cells, photodetectors, modulators, and photocatalysts.  

In chapter 4, we quantitatively evaluate the effect of substrates on the luminescence 

efficiency of monolayers MoS2, WS2, and WSe2 and demonstrate strategies of substrate 

engineering to improve the efficiency by orders of magnitude. We find that the main effects of 

the substrate lie in doping the monolayers and facilitating defect-assisted nonradiative exciton 

recombinations.  

In chapter 5, we demonstrate a layer-dependent electrocatalysis of MoS2 for the 

hydrogen evolution reaction by leveraging on a unique synthetic capability that can grow 

largearea, uniform, and high-quality MoS2 atomically thin films with precisely controlled layer 



 

numbers. The well-defined physical features make the film an ideal platform for studies of the 

structure−catalysis correlation. We find that the catalytic activity, indicated by the exchange 

current density, of the MoS2 film decreases by a factor of about 4.47 for the addition of each 

additional layer. This layer-dependent electrocatalysis can be correlated to the hopping of 

electrons in the vertical direction of MoS2 layers over an interlayer potential barrier, which is 

found to be 0.119 V and consistent with theoretical calculations.  
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Chapter 1: Introduction 

 

1.1 Background 

2D materials represent a unique class of materials in which in plane atomic bonding is much 

stronger than the out of plane direction. The strong in plane covalent or ionic bonding and the 

weak out of plane van der Waals bonding enables an easy cleaving of the layered 2D materials.  

2D materials is an analogy to a stack of paper, except that the 2D materials exhibit unique and 

fascinating properties at atomic scale. This is because of the strong quantum confinement and 

the weak interlayer interactions in 2D materials. 

Graphene, the most famous 2D material, composed by a single layer of carbon atoms that 

bonded together in a hexagonal honeycomb lattice, has been the first 2D materials studied in 

details. Graphene was discovery by Andre Geim and Konstantin Novoselov in 2004 at 

Manchester University.1 The method is quite simple by applying scotch tape to a piece of 

graphite, then rip the tape off. (Figure 1.1) Surprisingly, graphite flakes with one atom thick 

can be found on the tape. Graphene has captured the attention of scientists because of its 

extraordinary properties. This thinnest material is 200 times stronger than steel but it is 

incredibly flexible. It conducts heat and electricity efficiently and is nearly transparent. Despite 

graphene’s exceptionally high carrier mobility, which can reach up to 2×105 cm2/(V∙s) , the 

absence of band gap largely limits the application of graphene on optics and electronics. Thus, 

people started to look for some other 2D materials that complementary to graphene.  
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Figure 1.1 A lump of graphite, a graphene transistor and a tape dispenser. Donated to the Nobel 

Museum in Stockholm by Andre Geim and Konstantin Novoselov in 2010. (This figure is 

adopted from Wikipedia) 

 

h-BN is another 2D materials that has a layered structure similar to graphite. Within each layer, 

boron and nitrogen atoms are bound by covalent bonds, whereas the layers are held together 

by weak van der Waals forces. Again, we can use scotch tape to isolate the single layer of h-

BN from the bulk materials. The band gap of h-BN is about 5.6 eV, which is a good insulator 

in electronics. It has also been proposed to be a good substrate for graphene devices with better 

performance. 2 
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Figure 1.2 2D materials with different properties. (This figure is adopted from reference 22) 
 

Unlike zero-band gap graphene and layer band gap h-BN, 2D transition metal 

dichalcogenides(TMDC), such as MoS2, MoSe2, WS2 and WSe2  have similar band gaps 

comparable with silicon and show superb semiconductor properties with both high on/off and 

high carrier mobility as field effect transistors. By far, silicon is the most widely used material 

in semiconductor devices. By 1960s, Gordon Moore made an interesting observation that he 

noticed every 12 months, engineers were able to double the number of transistors on a square 

inch pieces of silicon by reducing the size of the transistor. Fundamental physical limitations 

do not enable silicon to scale beyond the 10 nm without compromising a device’s performance.  

This is because the dangling bond and defect at the surface will largely alter the properties of 

silicon when the thickness down to atomic scale.  In contrast to silicon, 2D TMDC is free of 

dangling bond even at single layer limit. The initial studies indicate that 2D TMDC materials 

present an atomic-scale semiconductor platform that promises to enable the scaling of 

semiconductor devices down to a truly atomic level. What’s more, a lot of novel properties 

appear in atomic scale TMDC, such as a layer dependent band gap from indirect to direct at 

the bulk to monolayer transition 3, valleytronics 4-5 and piezoelectricity 6. Those properties 
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make TMDC a promising materials for electronics and optoelectronic devices and hence 

triggered extensive research during last few years.  

 

Figure 1.3 Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c) bilayer 

MoS2, and (d) monolayer MoS2. (This figure is adopted from reference 3) 

 

The diversity of 2D materials make it possible to find its counterpart in the traditional materials. 

For example, we could use graphene, h-BN and MoS2 to build up a 2D metal-oxide-

semiconductor field effect transistor (MOSFET).7 Furthermore, 2D alloys and 2D 

heterostructures make 2D materials more versatile. For example, 2D alloy is a possible way to 

fine tune the band gap and change the carrier type of the materials.8 By stacking monolayers 

of multiple 2D materials in vertical direction to form 2D heterostructures, novel properties 

have been explored and devices with better performance have been demonstrated.9 As a result, 

there are countless configurations of 2D heterostructures that we could combine different 2D 

materials together, resulting in different properties.  
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While there is a growing interest in TMDC based opto-electronic devices, the practice of 

evaluating their potential usefulness for applications is still in its infancy. It’s too early to 

conclude that TMDC could outperform silicon. However, we are pretty sure that TMDC not 

only preserve the important properties of silicon but also have its own advantages. Lot of 

exciting work is going on in this field and there are still numerous of questions still remain to 

be answered. 

1.2 Synthesis 

There are two major methods for synthesizing atomic scale 2D TMDC. The first one is the 

“top down” exfoliation method, resulting in small flakes with different layer numbers. While 

the second one is “bottom up” vapor deposition method, which result in large area growth with 

reasonable controllability of the layer numbers. Mechanical exfoliation and chemical 

exfoliation are the two common methods for the top down approach. Exfoliation method can 

be generally applied to all the 2D materials.  

The mechanical exfoliation involves, a bulk 2D crystal, scotch tape and a target substrate. 

Generally, the bulk crystal is pressed against the adhesive tape and peel the crystal off. Then, 

more tapes are stuck to the original one repeatedly. Afterwards, the tape is attached to the 

substrate and leaves a combination of single or few layer flakes. Although the mechanical 

exfoliation is quite simple and have been widely used to fabricate various devices including 

photodetector 10, light emission diode (LED) 11, laser 12and FETs 13 with the best performance, 

this technique is time consuming with the extremely low yield. More importantly, there is no 

way to scale up this technology, which is the key factor for the practice applications.  
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Figure 1.4 Three dimensional representation of the structure of MoS2. Single layers, 6.5 Å 

thick, can be extracted using scotch tape-based micromechanical cleavage (This figure is 

adopted from reference 13) 
 

Chemical exfoliation is also known as liquid exfoliation. 14 The principle is to widen the gaps 

between the layer by either take the advantage of the surface tension of the organic solvent or 

intercalation of the lithium ion. It is possible to get large amount of atomic 2D layers and  it 

can be scale up. However, due to the lack of controllability of the shape and size of the final 

product, this method is not suitable for electronic and optic devices. Nevertheless, chemical 

exfoliation is still a promising method for prepare 2D materials in terms of catalysis, energy 

conversion and storage applications. 

The simple and reliable exfoliation methods are good for concept demonstration. In order to 

extent the applicability of 2D materials it is more important to develop large area synthesis 

methods. The “bottom up” vapor deposition methods, including chemical vapor deposition 

(CVD), physical vapor deposition (PVD), metal organic CVD (MOCVD), plasma enhanced 

CVD (PECVD), molecular beam epitaxy (MBE) and atomic layer deposition (ALD), have 

been developed recently for such purpose. Among of them, CVD method is the most popular 

and successful one. It has been demonstrated that large area and high quality graphene, h-BN, 

MoS2, WS2, MoSe2, WSe2, MoTe2, GeS, SnS, etc can be synthesized by CVD. 15-17 CVD 
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includes two major processes: evaporation of the precursors and reaction/decomposition on the 

substrate surface to produce desired products. PVD and PECVD are complementary methods 

to CVD. MOCVD, MBE and ALD enable the growth of large area of 2D materials.18-19 

However, the precursor used in those systems are usually highly toxic and the system are 

expensive and complicate. All in all, CVD is still the most promising candidate to synthesize 

2D materials not only in the laboratory but also can be industrialized. 

1.3 Optical Properties of TMDC 

A particularly promising applications of 2D TMDC materials in in photonics. This is largely 

rooted in the strong exciton-binding energies of these materials and their potential for 

engineering the exciton dynamics. 2D TMDC materials may have exciton binding energy one 

order of magnitude larger than conventional semiconductor materials. For example, the exciton 

binding energy of MoS2 and WS2 are estimated to be in the range of 0.4-1.1eV, while the 

exciton binding energy of typical semiconductor materials is around ten of meV.20 More 

importantly, monolayer TMDC such as MoS2, WS2, MoSe2 and WSe2 are semiconductors with 

direct band gap with largest exciton binding energy. As a result, high luminesce efficiency has 

been observed for monolayer TMDC. Excitons are coupled electron-hole pairs by coulomb 

attraction. For atomically thin TMDC, the dielectric screening effect from the neighbor layers 

dramatically decreased. The reduced dielectric screening effect result in large exciton binding 

energy as well as strong many body interaction. For example, the trion and biexciton, the 

former is a neutral exciton bounded by another electron/hole and the latter is two neutral 

exciton bounded together.21 Usually, those many body interaction can be observed only at low 

temperature for conventional semiconductors, while for 2D TMDC many body interaction can 

be seen at room temperature. It also makes 2D TMDC materials an ideal platform for studies 
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on fundamental physics of excitons, in particular, many body interaction. These many-body 

effects play important roles in electronic transport and optical transition. 

2D TMDC may also enable unprecedented capabilities to engineer the dynamics of excitons 

through heterogeneous integration.22 Heterostructures, which is consisted by different 

materials that stacked together, have been widely used as a major way for the engineering of 

excitons in photonic devices. However, the performance of conventional heterosturctures is 

limited by the requirement of suitable lattice match between different materials. In contrast, 

there is no dangling bond at the surface of 2D TMDC and they interact with the adjacent layer 

only by weak van der Vaals forces. Therefore, this unique property give us the opportunity to 

engineering the exciton dynamics without compromising the interface quality. Unlike the 

fabrication of conventional semiconductor heterstructures with high quality interface by 

MOCVD or MBE, we can construct 2D heterostructures with desire materials and sequence 

simply by manually stacking.  

 

Figure 1.5 Building van der Waalsheterostructures. (This figure is adopted from reference 22) 
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TMDC materials generally show strong exicitonic absorption due to the strong exciton binding 

energy. Even at monolayer scale, MoS2 is able to absorb 5% or higher of incident light above 

the optical bandgap. The absorption efficiency per unit thickness is truly remarkable and is one 

or two orders of magnitude higher than the traditional semiconductor such as silicon. For this 

reason, 2D TMDC hold great promise for the development of flexible devices such as 

photodetectors and solar cell. 10 

Monolayer 2D TMDC also feature exciton emission and is usually dominated by A exciton. 

The quantum efficiency of 2D TMDC monolayers have been shown to be surprisingly low 

despite the materials’ perfect surface passivation and strong exciton binding energy. Improving 

the quantum efficiency is the key to realize potential application such as LED. There are many 

reasons that will induced low quantum yield of 2D TMDC, such as defect, and surrounding 

environments/substrates. Another unique feature in 2D TMDC emission is the trion or biexiton 

emission. Its emission shows energy lower than that of the neutral exciton and the difference 

represents the binding energy of the trion or biexciton. Compared with neutral exciton emission, 

the emission efficiency are much lower for trion emission because other than radiative decay 

it also can be non-radiative decay such as Auger recombination. Therefore, another key to 

improve the quantum efficiency is to minimize the population of trion formed at the surface. 

1.4 Catalysis 

TMDC has recently emerged as promising catalyst for hydrogen evolution reaction (HER) in 

water. In comparison with Pt group metals, which have been the most widely used HER 

catalysts to data but are too precious to be useful for mass production of hydrogen. TMDC, 

such as MoS2 is earth-abundant and can be manufactured in cost-effective way. This material 

bears particular implications for the storage of solar energy due to its capability to efficiently 
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absorb solar radiation and fast interfacial charge transfer. Recently, it has been demonstrated 

there are numerous ways to improve the catalytic performance of TMDC based materials: 

phase engineering, defect engineering, strain engineering, structure engineering.23-25 

Unfortunately, the catalytic activity of MoS2 is still way inferior to Pt and it’s necessary to 

substantially improve the activity for practical applications. 

The development of high-performance molybdenum disulfide HER catalysts has generally 

been delayed by a limited fundamental understanding of the correlation between catalytic 

performance and the physical (compositional and structural) features. For example, numerous 

studies have demonstrated low Tafel slopes of around 40 mV/dec for various molybdenum 

sulfide materials, such as molybdenum disulfide (MoS2) mixed with graphene or carbon 

nanotubes, molybdenum trisulfide (MoS3), Mo3S13
2− clusters, and chemically processed MoS2 

nanosheets.23, 26 This Tafel slope is very close to that observed for Pt (30 mV/dec) and stands 

as the lowest ever reported for all kinds of non-precious-metal HER catalysts. However, the 

mechanism underlying the low Tafel slope has remained controversial, which has hindered a 

further improvement of the catalytic performance. Some claim that MoS3 only serves as a 

precatalyst and can be reduced to the true catalyst MoSx, while others argue that the low Tafel 

slope is due to the presence of edge sites S2 
2− or the coupling between the catalyst and its 

support such as graphene or carbon nanotubes. 

Another key challenge for improving the catalytic activity of TMDC is the lack of 

unambiguous understanding for its catalytically active sites. The common theory believes only 

the edge sites of MoS2 to be catalytically active. As a result, the strategies explored to improve 

the catalytic activity have been overwhelmingly focused on increasing the number of edge 

sites.27 However, some recently studies have cast serious doubt on the common theory. For 
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instance, MoS2 with 1T phase is shown exhibiting good catalytic activities, even with 

substantial oxidation at the edge sites.28 It has also been demonstrated that the atomically thin 

MoS2 films with little edge sites may be more catalytic acitive than thick edge-rich pyramid 

MoS2 nanoplates.29 Very recently, S vacancy in MoS2 has been demonstrated is another type 

of active site for HER and the performance of this active site strongly depends on the electronic 

coupling between the substrate and MoS2.
30-31 
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Chapter 2: Controlled Scalable Synthesis of Uniform, High-Quality Monolayer and 

Few-Layer MoS2 Films 

 

2.1 Abstract  

Two dimensional (2D) materials with a monolayer of atoms represent an ultimate control of 

material dimension in the vertical direction. Molybdenum sulfide (MoS2) monolayers, with a 

direct bandgap of 1.8 eV, offer an unprecedented prospect of miniaturizing semiconductor 

science and technology down to a truly atomic scale. Recent studies have indeed demonstrated 

the promise of 2D MoS2 in fields including field effect transistors, low power switches, 

optoelectronics, and spintronics. However, device development with 2D MoS2 has been 

delayed by the lack of capabilities to produce large-area, uniform, and high-quality MoS2 

monolayers. Here we present a self-limiting approach that can grow high quality monolayer 

and few-layer MoS2 films over an area of centimeters with unprecedented uniformity and 

controllability. This approach is compatible with the standard fabrication process in 

semiconductor industry.  It paves the way for the development of practical devices with 2D 

MoS2 and opens up new avenues for fundamental research. 

2.2 Introduction 

The significance of 2D materials has been manifested by a plethora of fascinating functionality 

demonstrated in graphene, a monolayer material of carbon atoms.1,2 In contrast to graphene, 

which is a semi-metal with no bandgap by nature, MoS2 monolayers offer an attractive 

semiconductor option due to a direct bandgap of 1.8 eV.3,4 This non-trivial bandgap makes 

MoS2 monolayers a better candidate than graphene to revolutionize many electronic and 

photonic devices that are currently dominated by traditional group IV or III-V semiconductor 
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materials.5-17  Considerable efforts have been dedicated to achieve scalable synthesis of high 

quality MoS2 monolayers that is necessary for the development of practical devices. These 

include sulfurization of MoO3 or Mo layers pre-deposited substrates, or thermolysis of Mo 

compound (NH4)2MoS4.
18-25 However, none of the existing processes is able to exclusively 

produce uniform MoS2 monolayers over a large area, for instance, centimeters. MoS2 

monolayers resulted from these processes always co-exist with by-products of thicker layers. 

As the properties of MoS2 materials strongly depend on the layer number, this material non-

uniformity poses a formidable challenge for the improvement of device uniformity. Here we 

present a new, self-limiting CVD approach that can exclusively grow high-quality MoS2 

monolayer films over an area of centimeters on various substrates such as silicon oxide, 

sapphire, and graphite. The synthesized film shows unprecedented uniformity with no other 

layers found by thorough characterizations. It exhibits optical and electrical quality comparable 

to the MoS2 exfoliated from bulk materials, and can be transferred to other arbitrary substrates. 

This approach also provides unprecedented controllability, allowing for the growth of few-

layer MoS2 films with precisely controlled layer numbers, such as bilayers, trilayers, and 

quadra-layers. 

2.3 Experimental Methods 

MoS2 thin films were synthesized in a tube furnace as illustrated in Figure 2.1. In a typical 

growth, 4-20 mg of molybdenum chloride (MoCl5) powder (99.99%, Sigma-Aldrich) was 

placed at the center of the furnace and 1g of sulfur powder (Sigma-Aldrich) were placed at the 

upstream entry of the furnace. Receiving substrates were placed downstream. Typical 

conditions for high-quality MoS2 thin film growth include a temperature of 850 °C, a flow rate 

of 50 sccm, and a pressure around 2 Torr. The layer number of the synthetic MoS2 thin film 
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can be controlled by control of the amount of MoCl5 precursor or the total pressure in the 

synthetic setup. 

The crystal structure of the resulting products were analyzed with transmission electron 

microscope (TEM, JEOL-2010) and aberration-corrected scanning transmission electron 

microscope (STEM, FEI Titan 80-300 STEM) with probe Cs corrector operated as 200KV 

under STEM mode. The as-grown thin film was transferred to TEM grid for the structure 

characterization. The thickness and surface topology were measured using atomic force 

microscope (AFM, Veeco Dimension-3000). Raman mapping and photoluminescence (PL) 

measurements were carried out using Horiba Labram HR800 Raman Microscopy with an 

excitation wavelength of 532 nm. X-ray photoelectron spectroscopy were performed on 

SPECS XPS using an Mg Kα x ray source. The field-effect transistor device was fabricated by 

evaporating Ti/Au (5/200nm) electrodes directly onto top of MoS2 films transferred to 

degenerately doped Si substrates with 230 nm thick silicon oxide.  A copper grid (100mesh, 

30 micron spacing, Ted Pella) was placed on the tope of the thin film as mask for the electrode 

fabrication. This gives a relative large channel with a length L = 30 μm and a width W = 230 

μm.  The electrical measurements were performed in ambient conditions using a probe station 

(Karl Suss PSM6). 

2.4 Experimental Results and Discussion 
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Figure 2.1 Schematic illustration of the synthetic setup used for the non-catalytic chemical 

vapor deposition growth of atomic-thin MoS2 films.  

 

We grew MoS2 films at high temperatures (> 800 °C) using MoCl5 and sulfur as precursor 

materials. The precursor materials can react at elevated temperature to produce MoS2 species, 

which may precipitate onto receiving substrates to yield MoS2 films (Figure 2.1). The layer 

number of the resulting MoS2 films can be very precisely controlled by controlling the amount 

of MoCl5 used in experiments or the total pressure in the synthetic setup. We have successfully 

grown the 2D MoS2 on various substrates including silicon oxide, sapphire, as well as graphite. 

Figure 2.2 a-b show optical images of the MoS2 monolayer and bilayer films grown on sapphire 

substrates.  The optical images of MoS2 monolayer and bilayer films grown on silicon 

substrates with 280 nm thick silicon oxide (SiO2/Si) are given as insets. Scratches were 

intentionally introduced to show the color contrast between the thin films and the substrates 

(no MoS2 film exists in the scratched area).  We confirm the chemical composition of the thin 

films is MoS2 using x-ray photoelectron spectroscopy (XPS) characterizations (Figure 2.3). 

From the optical images, we can find that the thin films are continuous and uniform over a 

large area. We can also find that the color contrasts of MoS2 monolayer and bilayer films bear 

little difference on sapphire but are substantially different on SiO2/Si, the monolayer showing 
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pink color while the bilayer more bluish. This substantial difference in color contrast may 

provide a facile approach to determine the thickness of 2D MoS2 materials. 

 

Figure 2.2  Controlled synthesis of MoS2 monolayer and bilayer films.  (a) and (b) , Optical 

images of the MoS2 monolayer and bilayer films grown on sapphire substrates, respectively. 

The insets are optical images of the MoS2 monolayer and bilayer films grown on SiO2/Si 

substrates. The scale bars in the insets are 80 μm.  (c) and (d), AFM height profiles for typical 

MoS2 monolayer and bilayer films grown on sapphire, respectively. The insets show the AFM 

images from which the height profiles are extracted. (e), Raman spectra of the MoS2 monolayer 

(1L) and bilayer (2L) films grown on sapphire. Also given are the Raman spectra of exfoliated 

MoS2 monolayer and bulk MoS2 dispersed on SiO2/Si substrates. The two characteristic Raman 

modes are labeled. The peak at 418 cm-1 is from the sapphire substrate. 

 

 

Figure 2.3  X-ray photoemission spectroscopy of synthetic MoS2 films. Binding energies for 

(a) Mo atoms and (b) sulfur atoms. 
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We characterized the synthesized thin films using atomic force microscope (AFM) and Raman 

spectroscopy. The thickness of the synthesized MoS2 monolayers and bilayers are shown 0.68 

nm and 1.40 nm (Figure 2.2c-d), in consistence with exfoliated MoS2.  Figure 2.2e shows the 

Raman spectra collected from the as-grown MoS2 thin films on sapphire with different layer 

numbers. The Raman spectra of exfoliated MoS2 monolayers and bulk MoS2 materials are also 

given in Figure 2.2e as references. Two characteristic Raman modes can be found in the spectra, 

the A1g mode associated with the out-of-plane vibration of sulfur atoms and the E2g mode 

related with the in-plane vibration of Mo and sulfur atoms.26-28  The full width at half maximum 

(FWHM) of the E2g peak may be used as an indicator for crystalline quality. The E2g FWHM 

of the synthesized MoS2 monolayer is 4.2 cm-1, close to that of the exfoliated monolayer, 3.7 

cm-1.  This suggests a good crystalline quality in the synthesized film. Additionally, the 

frequency difference (Δk) between the E2g and A1g modes has been known closely related with 

the layer number, and can be used to determine the thickness of MoS2 materials.26-28  We can 

find that the frequency difference Δk of the synthesized thin film increase with the thickness 

(Figure 2.2e), consistent with what were observed on exfoliated MoS2.
26-28 A systematic 

correlation between the value of Δk and the layer number of the synthesized film is given in 

Table 2.1. The Δk of the synthesized films is generally larger than that of exfoliated MoS2. For 

example, the Δk of the synthesized monolayer is found around 20.4 cm-1, different from that 

of the exfoliated monolayer, 19.4 cm-1. This could be related with certain crystalline 

imperfection, for example, smaller crystalline grains in the synthesized thin film.  Other groups 

also observed a larger Δk in synthesized MoS2 materials than exfoliated counterparts.20  
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Table 2.1 Correlation of the amount of MoCl5 vs. the layer number of MoS2 films 

Amount of 

MoCl5 

< 1mg 1- 4 mg 5-10 mg 11-15 mg 16-25 mg 

Layer number 

of MoS2 film 

No 

deposition 

1 layer 2 layer 3 layer 4 layer 

Δk (A1g-E2g) N/A 20.2 - 21.2 

cm-1 

21.6 - 22.4 

cm-1 

23.0 - 23.2 

cm-1 

23.8 - 24.0 

cm-1 

 

 

Figure 2.4  Large-area uniformity of the synthesized MoS2 monolayer and bilayer films.  (a), 

A picture for as-grown MoS2 monolayer (1L) and bilayer (2L) films, along with a NCSU logo. 

Underneath the films is a blank sapphire wafer, which is transparent and used as a refence.  (b), 

Raman spectra collected from eight different areas of the MoS2 monolayer film. The inset 

schematically illustrates how the eight areas distribute across the substrate.  (c), Map of the 

Raman frequency difference Δk collected from an area of 10μm × 10 μm in the MoS2 

monolayer film. All the measured Δk are in the range of 20.3 – 20.7 cm-1. Mapping step: 0.5 

μm. (d), Perspective view of a typical AFM image collected from the MoS2 monolayer film.   

 

The synthesized MoS2 thin films show unprecedented uniformity. We can find the as-grown 

MoS2 thin films continuous and uniform cross an area of centimeters under optical microscope 

or by eyes, as illustrated by Figure 2.2a and 2.4a.  To more quantitatively assess the uniformity 

over a large area, we divided the monolayer MoS2 film grown on a typical sapphire substrate 

in size of 1 cm × 3 cm into eight areas (Figure 2.4b inset). We measured numerous Raman 

spectra at each of the areas, and plotted the typical results in Figure 2.4b.  We can find that the 
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peak positions of the E2g and A1g modes remain identical between different areas.  The profile 

of the Raman peaks, such as the FWHM, shows negligible difference. This indicates that the 

synthesized thin film is a homogeneous monolayer with similar crystalline quality across the 

entire substrate in length of centimeters. We also performed Raman mapping over an area of 

10 μm × 10 μm in the as-grown monolayer film, and plotted the measured frequency difference 

Δk in a 2D image ( Figure 2.4c). All the Δk are found in a range of 20.3 – 20.7 cm-1, confirming 

the film a homogeneous monolayer. To further confirm the uniformity, we performed multiple 

AFM measurements at different areas on the film, and found similar thickness and surface 

topology in all the AFM images. A typical AFM measurement (5μm × 5μm) is given in Figure 

2.4d. It shows a continuous and smooth surface (roughness < 0.2 nm) with no step and void 

observed. Similar uniformity can also be found at the synthesized bilayer MoS2 film (Figure 

2.5). We should note that the size of the synthesized thin films (1 cm × 3 cm) is limited by the 

size and temperature uniformity of our current synthetic setup. We believe that by optimizing 

the synthetic setup we can produce wafer-scale MoS2 monolayer or few-layer films.  
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Figure 2.5 AFM images collected from different areas of a MoS2 bilayer grown on sapphire. 

(a and b) The distance between the positions that the images were collected from is larger than 

1 cm. (c and d) Height profiles for the white dashed lines given in (a) and (b), respectively. 

 

 

Figure 2.6 Transmission electron microscope characterization of synthetic MoS2 films. (a) 

Typical TEM image of synthetic MoS2 films. (b) TEM image showing multiple crystalline 

domains. The white dashed lines indicate the domain boundary. (c) Typical selected area 

electron diffraction for the synthetic MoS2 film. Inset, a magnified diffraction spot showing 

multiple points involved.  This indicates the synthetic thin film is polycrystalline. 
 

The synthesized MoS2 films exhibit a very good crystalline quality as indicted by the Raman 

measurements (Figure 2.2e and 2.4b).  To further elucidate the crystalline structure, we 

characterized the thin film using aberration-corrected scanning transmission electron 
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microscope (STEM). To do that, we transferred the synthesized film to TEM grids following 

a process reported in references.19  The synthesized film is found as polycrystalline with 

crystalline grains varying from tens to hundreds of nanometers as indicated by selected area 

electron diffraction patterns (Figure 2.6). We used high angle annular dark field (HAADF) 

imaging to investigate the atomic arrangement in the synthesized MoS2 monolayer and bilayer 

films. The monolayer and the bilayer can be identified from the folding edge of the transferred 

thin film (Figure 2.7a inset). Figure 2.7a shows typical STEM high angle annular dark field 

(HAADF) image and corresponding fast Fourier transformation (FFT) pattern of synthesized 

monolayers. The hexagonal atomic arrangement shown in the STEM image and the FFT 

pattern indicate that the basal plane of the synthesized thin film is (001), i.e. the c-axis of MoS2 

materials perpendicular to the thin film. From the STEM image we can directly measure the 

lattice constant as a = b = 0.32 nm, consistent with bulk MoS2 materials. As STEM-HAADF 

imaging is dependent on the atomic number, we can identify the positions of Mo and S atoms 

in the monolayer by the difference in image contrast (Mo atoms show much higher contrast 

than S atoms), as shown in Figure 2.7b. Additionally, STEM-HAADF imaging provides a 

credible way to identify the stacking sequence in MoS2 bilayers. We can find substantial 

difference between the images of MoS2 monolayer (Figure 2.7b) and bilayer (Figure 2.7c).  

This difference indicates an AB stacking sequence in the MoS2 bilayer, where the Mo atoms 

of one layer overlap with the position of the sulfur atoms in the other layer, typically referred 

as 2H-MoS2. The experimental observation matches the modeled image for the AB stacking 

very well (Figure 2.7c).  
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Figure 2.7  Characterization of the crystal structure of synthesized MoS2 monolayer and bilayer 

films.  (a), High angle annular dark field (HAADF) image of typical MoS2 monolayer film. 

Upper inset is the corresponding FFT pattern, which is not indexed for visual convenience. 

Lower inset shows the folded edges of MoS2 monolayer and bilayer films. The lattice constant 

and important crystalline directions are given as shown. (b) and (c), HAADF of MoS2 

monolayer and bilayer films. The insets show modeled crystal structures of MoS2 monolayer 

and bilayer films with blue and yellow dots corresponding to Mo and S atoms, respectively.  

The sulfur atom in the inset of (c) is not given for visual convenience.  The scale bars are 1 

nm.  
 

 

Figure 2.8  Optical and electrical characterizations of the synthesized MoS2 monolayer films.  

(a), Photoluminescence (PL) of the synthesized and exfoliated MoS2 monolayers. Both were 

dispersed on SiO2/Si substrates. The synthesized monolayer was grown on sapphire substrates 

and then transferred to SiO2/Si substrates for the PL measurement. Inset is PL mapping of an 

as-grown MoS2 monolayer on sapphire substrates with the color representing normalized PL 

intensity at 665 nm as illustrated by the color bar.  (b), Ids-Vds curve for a field effect transistor 

(FET) made with the synthesized MoS2 monolayer with gating voltages Vgs 0, 10, 20, 40 V. 

Inset, transfer characteristic for the FET with a source drain bias Vds of 2 V.  



 

25 

 

The synthesized thin films show excellent optical quality that is comparable to exfoliated MoS2. 

Figure 2.8 shows the PL spectra collected from exfoliated and synthesized MoS2 monolayers. 

Raman peaks of the MoS2 materials are also included, and the PL spectra are normalized to 

the intensity of corresponding Raman peaks. The normalization is to better correlate the 

measured PL intensity with the intrinsic luminescence efficiency of the materials.4 Two peaks 

can be found in the PL spectra, ~620 nm and ~670 nm, and can be correlated to the B1 and A1 

excitons of MoS2, respectively.4 We can find similar PL peaks from both synthesized and 

exfoliated MoS2 monolayer. This suggests a comparable optical quality in the synthesized film 

with the exfoliated MoS2. We should note that the synthesized monolayer was grown on 

sapphire substrates. For the convenience of comparison with the exfoliated materials that were 

dispersed onto SiO2/Si substrates, the synthesized monolayer was transferred to SiO2/Si 

substrates for the PL measurement (see the effect of substrates on PL in Figure 2.9). We find 

that the PL from the MoS2 monolayer film grown on SiO2/Si substrates is much weaker than 

the films grown on sapphire (Figure 2.10), probably due to a poorer crystalline quality in the 

films grown on SiO2/Si substrates than those grown on sapphire as reported previously.19 

Additionally, the PL efficiency of exfoliated MoS2 has been well known substantially 

decreasing with the increase in the layer number due to an evolution of the bandgap with the 

layer number. We can find that the PL efficiency of the synthesized MoS2 bilayer is indeed 

substantially smaller than that of synthesized monolayers. This suggests that the bandgap of 

the synthetic MoS2 film bears a similar dependence on the layer number as the exfoliated MoS2. 

To illustrate the uniformity of the optical quality, we performed PL mapping over an area of 

20 μm × 20 μm in the synthesized monolayer. The measurement demonstrates a uniform 
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distribution in the PL intensity (Figure 2.8 inset), confirming the uniformity as suggested by 

the Raman measurements shown in the preceding text.   

 

Figure 2.9 Phololuminescence of synthetic MoS2 grown on sapphire (black) and on SiO2/Si 

(red). The monolayer grown on sapphire was transferred to SiO2/Si substrates for the PL 

measurement. 

 

 

Figure 2.10 Photoluminescence of an as-grown MoS2 monolayer (black) and bilayer (red) on 

sapphire (red).  

 

We also evaluated the electrical quality of the synthesized MoS2 monolayer film.  We 

transferred the thin film grown on sapphire to degenerately doped silicon substrates covered 

with 230-nm-thick SiO2, and fabricated bottom-gate transistors by evaporating 5 nm Ti/ 50 nm 
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Au electrodes on top of the MoS2 thin film. We performed electrical measurements at room 

temperature and in ambient environment using the degenerately doped silicon substrate as the 

gate and deposited Au electrodes as the source and drain. Figure 2.8b shows typical output 

characteristic and transfer characteristic (inset) curves of the device. These results indicate that 

the device is an n-type channel field effect transistor, consistent with other works on exfoliated 

ones.5,29,30   The linear dependence of the current on the source-drain bias Vds suggests that the 

contacts between the MoS2 thin film and the electrodes are ohmic.  This ensures that the 

observed field effect behavior is from the monolayer MoS2 channel rather than Schottky 

barriers at the contact. From the measurements, we can derive the field-effect mobility of 

charge carriers in the device as 0.003-0.03 cm2/V.S. This is reasonably comparable to previous 

reports on exfoliated monolayers measured in similar conditions (ambient environment, back 

gating with silicon oxide as the gate oxide).5,29,30 We can thus conclude that the synthesized 

thin film has a reasonably comparable electrical quality with exfoliated MoS2.  

The observed remarkable uniformity and controllability in the synthesized MoS2 film strongly 

suggests that this synthetic process is self-limiting. Unlike the self-limiting mechanism for the 

growth of graphene,31 which is related with the limited solubility of carbon source in the 

catalyst, our experimental results suggest that the partial pressure of gaseous MoS2 species and 

the interaction of MoS2 thin films with the substrate play key roles in this self-limiting 

mechanism.  
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Figure 2.11  MoS2 materials grown under widely different total pressures. The amount of 

MoCl5 used in these experiments is 15 mg. (a-d) Optical images of the MoS2 materials grown 

with widely different total pressures, 2 Torr, 50 Torr, 250 Torr, and 750 Torr.   Scratches were 

introduced to show the contrast between the film and the substrate (SiO2/Si). (e) Raman spectra 

of the MoS2 thin films grown under different total pressures. The total pressure for each of the 

Raman spectrum is labeled as shown. The Δk between the E2g and A1g peaks in the Raman 

spectra is also given in the figure.   

 

We found in experiments that the layer number of the MoS2 thin film increases with the amount 

of precursor materials (Table 2.1) and the total pressure in the synthetic setup (Figure 2.11). 

Our analysis of the growth dynamics indicates that this can essentially be correlated to the 

partial pressure of gaseous MoS2 species PMo. The partial pressure PMo increases with the 

amount of precursor materials and the total pressure, and higher partial pressures can results in 

larger layer numbers in the synthesized thin film. 

The effects of the amount of MoCl5 precursor and the total pressure on the layer number of the 

synthesized MoS2 thin film can be essentially correlated to their effects on the partial pressure 

of gaseous MoS2 species. To illustrate this notion, we examined the synthetic process 

(Figure2.12).   The synthetic process includes five major steps, 1) sublimation of sulfur and 
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MoCl5, 2) reaction of MoCl5 and S to produce gaseous MoS2 species, 3) transfer of the MoS2 

species downstream by carrier gas, 4) diffusion of MoS2 species from the gas phase onto 

receiving substrates, 5) precipitation of MoS2 on the substrates.  The precursor of MoCl5 may 

react with sulfur at high temperature to give rise to MoS2. In experiments, we use excessive 

amount of sulfur (the molar ratio of sulfur and MoCl5 is > 1000:1) to ensure the vapor of S far 

bigger than that of MoCl5.  As a result, we can reasonably assume that the reaction of MoCl5 

is complete.   

 
 

Figure 2.12 Schematic illustration of the synthetic process, which includes five major steps: 

sublimation, reaction, transfer, diffusion, and precipitation.   

 

With the assumption of the full reaction of MoCl5 vapor, the partial pressure of MoS2, PMo, 

depends on the sublimation rate (molar loss rate per unit surface area) of sulfur ΦS and MoCl5, 

ΦMo, the flow rate of carrier gas Ar, JAr (mol/s), and the total pressure Ptotal in the synthetic 

setup as 

                             (2.1) 

AMo and AS are the surface area of the precursor materials MoCl5 and sulfur, respectively, which 

increases with the amount of precursor powder. The sublimation rate depends on the T of the 

precursor materials, and the difference between the equilibrium vapor pressure Pvap of 

precursor materials  and the partial pressure Ppar of these materials in vapor,  Φ= (Pvap - Ppar ) 

/(2πMRT) 0.5, where M is the molecular weight of the materials, and R is the molar gas constant. 

PMo =
FMoAMo

FMoAMo + FSAS + JAr

Ptotal
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With the typical conditions used in experiments (T ~ 300°C, the weight of sulfur: 1g, the 

particle size in sulfur par: 0.1 mm), we can estimate that the sublimation flux of sulfur powder 

is around 0.015 mol/s. This is much larger than the typical flux (50 sccm) of carrier gas, JAr ~ 

0.0001 mol/s. By the same token, we can also conclude that the sublimation flux of sulfur is 

orders of magnitude larger than that of MoCl5. Therefore, during the synthesis period, eq. (2.1) 

can be further simplified as 

                            (2.2) 

From eq. (2.2), we can see that the partial pressure of MoS2 (PMo ) increases with the amount 

of MoCl5 precursor (increasing AMo) and the total pressure Ptotal. This correlation, along with 

the observed effects of  the amount of MoCl5 precursor and the total pressure on the growth, 

strongly suggest that the partial pressure of MoS2 species plays a key role in determining the 

layer number of the synthesized MoS2 thin film. A larger partial pressure of gaseous MoS2 

species may give rise to MoS2 films with larger layer numbers.  As corroborating evidence for 

this analysis, we observed that the flow rate of carrier gas bears negligible effects on the layer 

number of the MoS2 films. Figure 2.13 shows the Raman spectra collected from the MoS2 thin 

films grown with different flow rates of carrier gas (Ar).  We can find that the layer number of 

the thin films remains unchanged regardless a dramatic variation in the flow rate by one order 

of magnitude.  This confirms that, due to the dominance of the sublimation flux of sulfur, the 

flow rate of carrier gas only has negligible effects on the partial pressure of MoS2 species. With 

this said, it also confirms that the partial pressure of MoS2 is a key parameter to determine the 

layer number.   

 

PMo =
FMoAMo

FSAS

Ptotal
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Figure2.13 Raman spectra of the MoS2 thin films grown under different flow rates of carrier 

gas. The total pressure was maintained to be 5 Torr. The two dashed lines indicates that the 

positions of E2g and A1g peaks remain identical regardless the flow rate.   

 

 We also found that the layer number is dependent on the receiving substrate, including its 

temperature and type of materials (Figure 2.14 and Figure 2.15).  For instance, with 

comparable experimental conditions, the film grown on sapphireis monolayer, but the one 

grown on highly ordered pyrolytic graphite (HOPG), which has similar layered structure as 

MoS2, is bilayer. This can be ascribed to the vapor pressure of MoS2 thin films Po
Mo.  The 

vapor pressure Po
Mo increases with temperature and can be affected by the interaction of MoS2 

thin films with the substrate.  
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Figure 2.14 Raman spectra of the MoS2 thin films grown on receiving substrates with different 

temperatures.  The inset shows a schematic illustrate of the experimental configuration. The 

temperature for the substrates can be estimated as 850°C (sub1). 750°C ( sub2), and 650°C 

(sub3).The layer number and the Δk in the Raman spectra of the films grown on these 

substrates are given as shown.   

 

  

Figure 2.15 Raman spectra of the MoS2 thin films grown on different substrates. These 

substrates were placed side by side in the same experiments. All the experimental conditions 

for the growth on these substrates were kept identical. The layer number and the Δk in the 

Raman spectra of the films grown on these substrates are given as shown.   
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These experimental results suggest that the relative amplitude between the partial pressure of 

gaseous MoS2 species PMo and the vapor pressure of MoS2 thin films Po
Mo determine the layer 

number of the synthesized thin film. Vapor pressure indicates a capability of atoms escaping 

from a solid phase into a gas phase. The van der Waals (attractive) interaction of MoS2 

overlayers with the substrate may suppress the escaping of MoS2 atoms, and subsequently 

cause a decrease in the vapor pressure. Similar suppression effects of the interaction with 

substrates on the vapor pressure of overlayers has been documented with other materials, for 

instance, polymers.32  Because the interaction of the outmost MoS2 layer with the substrate 

decays with the over all thickness of the film increasing, the vapor pressure of MoS2 thin films 

may increase with the layer number (Figure 2.16). This layer-dependent vapor pressure of 

MoS2 thin films offers the possibility to precisely control the layer number. For instance, by 

controlling the partial pressure PMo in the middle of the vapor pressures of MoS2 monolayer 

(Po
Mo,1) and bilayer (Po

Mo,2)  films as Po
Mo,1 < PMo < Po

Mo,2 could result in an exclusive growth 

of MoS2 monolayers on the substrate. In this case, the larger vapor pressure of MoS2 bilayers 

would automatically prevent the continuous growth once a MoS2 monolayer film is formed, 

regardless continuous supply of MoS2 species. The observed different layer numbers in the 

film grown on HOPG and sapphire confirms the role of the interaction with the substrate in the 

growth (Figure 2.15).  

 

Figure 2.16 Schematic illustration of the interaction between MoS2 overlayers and receiving 

substrates. The vertical arrows indicate the interaction of the overlayer with the substrate.  And 

the dashed line indicates the escaping of atoms from the solid phase into the gas phase. 
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2.5 Conclusion 

In conclusion, we demonstrate a new chemical vapor deposition approach that can provide 

capabilities to produce large-area, high quality MoS2 monolayer and few-layer films with 

unprecedented uniformity. Our experimental results strongly suggest that this synthetic process 

is self-limiting dictated by the balance between the equilibrium pressure of MoS2 thin films 

and the partial pressure of MoS2 species in the vapor phase. As a final note, this synthetic 

approach can be readily scaled up to produce wafer-scale 2D MoS2 for the development of 

practical electronic and photonic devices.  It is poised to enable 2D MoS2 as a useful functional 

material to revolutionize a wide range of fields including information technology, 

optoelectronics, chemical/biological sensing, and spintronics.  
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Chapter 3: Equally Efficient Interlayer Exciton Relaxation and Improved Absorption 

in Epitaxial and Non-epitaxial MoS2/WS2 Heterostructures 

 

3.1 Abstract 

Semiconductor heterostructures provide a powerful platform to engineer the dynamics of 

excitons for fundamental and applied interests. However, the functionality of conventional 

semiconductor heterostructures is often limited by inefficient charge transfer due to the 

interfacial imperfection caused by lattice mismatch.  Here we demonstrate that MoS2/WS2 

heterostructures consisting of monolayer MoS2 and WS2 stacked in the vertical direction can 

enable equally efficient interlayer exciton relaxation regardless the epitaxy and orientation of 

the stacking. This is manifested by a decrease of photoluminescence intensity by two orders of 

magnitude in both epitaxial and non-epitaxial MoS2/WS2 heterostructures.  Both 

heterostructures are also found showing improved absorption beyond the simple super-

imposition of the absorptions of monolayer MoS2 and WS2. Our result indicates significant 

implications of 2D heterostructures for the development of photonic devices that request 

efficient exciton separation and strong light absorption, such as solar cells, photodetectors, 

modulators, and photocatalysts. It also suggests that a simply stacking of dissimilar 2D 

materials with random orientations is a viable strategy to fabricate complex 2D 

heterostructures, which would show similar optical functionality as the counterpart with 

perfect epitaxy.  

3.2 Introduction 

Engineering the dynamics of excitons, including generation, dissociation, transfer, and 

recombination, by semiconductor heterostructures bears tremendous significance for 
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fundamental and applied interests1, 2. It stands as a major strategy for the development of all 

kinds of devices that involve photon-to-electron or electron-to-photon conversions, such as 

solar cells, LEDs, lasers, photodetectors, modulators, and photocatalysts. It also provides 

platforms with well-controlled excitons for the studies of fundamental physics. However, the 

capability of conventional semiconductor heterostructures to engineer excitons is often limited 

by the difficulty in developing high-quality interfaces for efficient interfacial charge transfer. 

Typical heterostructures consist of two or more dissimilar semiconductor materials, and nice 

lattice match of the semiconductor materials is required to yield high-quality interfaces. This 

requirement of lattice match imposes a fundamental constraint for the design of the 

conventional semiconductor heterostructures with high compositional and structural 

complexity to provide sophisticated control of excitons.  

Two-dimensional (2D) transition metal dichalcogenide (TMDC) materials in forms of a 

monolayer or fewlayer of atoms promise to enable a new type of semiconductor 

heterostructures. These materials present an atomic-scale semiconductor with bandgap in 

amplitude comparable to those of conventional group IV, III-V semiconductor materials. 2D 

heterostructures that consist of dissimilar 2D materials stacked in the vertical direction may 

provide capabilities to engineer excitons from a truly atomic level. Most importantly, unlike 

the conventional semiconductor heterostructures, which request lattice match to ensure the 

high quality of interfaces, 2D heterostructures may have high quality interfaces regardless 

substantial lattice mismatch3-10. This is because the interaction between 2D materials is van 

der Waals (vdW) forces and the weak interaction can relax the requirement of lattice match. 

Numerous works have recently demonstrated the fabrication of  2D heterostructures with the 

presence of lattice mismatch and also the capability of the 2D heteostructures to engineer 
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excitons11-14. However, one very important question that has remained unanswered yet is how 

the excitonic properties of 2D heterostructures could depend on the epitaxy and orientation of 

the stacking. Knowledge of this question will provide useful guidance for the rational design 

of complex 2D heterostructures with desired exciton dynamics.  

Here we have studied the excitonic properties of the heterostructures that consist of monolayer 

MoS2 and WS2 stacked either epitaxially or non-epitaxially in the vertical direction by 

photoluminescence and absorption measurements. Surprisingly, we demonstrate equally 

efficient interlayer relaxation of excitons in the MoS2/WS2 heterostructures regardless the 

epitaxy and orientation of the stacking, which is manifested by a universal two-order 

magnitude decrease the photoluminesnce intensity in all the heterostructures. Additionally, 

both epitaxial and non-epitxail MoS2/WS2 heterostructures show similarly improved 

absorption that is beyond the simple super-imposition of the absorption of monolayer MoS2 

and WS2. The non-epitaxial heterostructures are made by manually stacking single-crystalline 

monolayer MoS2 and WS2 pre-grown separately with a chemical vapor deposition (CVD) 

process using metal oxide (MoO3 or WO3) as precursors10, 15-19. The epitaxial heterostructures, 

which are single crystalline as well, are synthesized by a CVD process using a mixture of 

MoO3 and WO3 as the precursor. Our result indicates the significant implications of 2D 

heterostructures for the development of photonic devices that request efficient exciton 

separation and strong light absorption, such as solar cells, photodetectors, modulators, and 

photocatalysts. It also suggests that a simply stacking of dissimilar 2D materials with random 

stacking orientations may be a viable strategy to fabricate complex 2D heterostructures for the 

engineering of excitons.  
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3.3 Experimental Methods 

The epitaxial heterostructures were synthesized by using a chemical vapor deposition process 

adapted from what was previously reported for the synthesis of monolayer MoS2 and WS2
17, 

30. Briefly, the synthesis was performed in a tube furnace with sulfur (typically 1.0g)  and a 

mixture of MoO3 and WO3 (typically 80 mg with the weight percent of MoO3 1% and WO3 

99%) as the precursors. The sulfur was placed at the upstream of the tube furnace and the 

mixed MoO3/WO3 at the center. Sapphire substrates were placed at the downstream in the tube. 

Other typical experimental conditions including a temperature of 950 °C and  a flow of Ar gas 

in a rate of ~ 100 sccm. In a typical synthetic process, the temperature was ramped to 950 °C 

in 35 min and kept 950 °C for 2 hours. After that, the whole system was cooled down to room 

temperature naturally. 

The non-expitaxial heterostructures were made by manually stacking monolayer MoS2 and 

WS2 that were grown using the chemical vapor deposition process reported previously17, 30. 

The process is similar to what was used for the synthesis of heterostructures, but only either 

MoO3 or WO3 instead of the mixture was used for the synthesis of MoS2 or WS2. The typical 

temperatures used for the synthesis of MoS2 is 750°C and the temperature for WS2 900°C.  Ar 

was used as the carrier gas for the synthesis of MoS2 and forming gas (5% H2 in Ar) for WS2 

with a flux rate of 100 sccm in both cases.  

To make the non-epitaxial heterostructure, we first lifted off the synthesized MoS2 from the 

growth substrate using a polymer-assisted transfer process reported previously17. The transfer 

process started by spin-coating poly (methyl methacrylate) (PMMA) onto the as-grown MoS2 

at 4000 r.p.m, followed by a backing process at 90°C  for 10 minutes. The whole assemble was 

then immersed in a 2M NaOH solution at 95°C for 30 min. The synthesized MoS2 monolayers 
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came off from the substrate with the polymer film, and was transferred to as-grown WS2 

monolayers. The polymer could be removed by rinsing with acetone, isopropyl alcohol (IPA), 

and water. After that, the stacked heterostructure was annealed at 250℃ for 10 min under Ar 

environment. 

High resolution STEM images were taken using the FEI Titan 80-300 probe aberration 

corrected and monochromated Scanning Transmission Electron Microscope (STEM) operated 

at 200 kV. In STEM mode, Z-contrast images were taken using a high-angle annular dark-field 

(HAADF) detector (Fischione Instrument), and elemental mapping was performed using the 

“Super X” Energy Dispersive Spectrometric (EDS) system. We transferred the synthesized 

materials to TEM grids following the polymer-assisted transfer process reported in reference, 

which is similar to the process used for the manual stacking of MoS2 and WS2. The 

convergence angle was set at 21 mrad, and probe current was about 110 pA, at which, we found 

that the beam damage on the MoS2 sample can be controlled to the minimum within a 

reasonable period of time for imaging. The thickness and surface topology were measured 

using atomic force microscope (AFM, Veeco Dimension-3000). Raman and 

photoluminescence (PL) measurements were carried out using Horiba Labram HR800 system 

using a 532 nm laser.  

A home-built setup that consists of a confocal microscope (Nikon Eclipse C1)  connected with 

a monochromator (SpectraPro, Princeton Instruments) and a detector (Pixis, Princeton 

Instruments) was used to perform the absorption measurement. In a typical measurement, we 

collected the white light transmitted through the sample using a 100× objective with a 

numerical aperture of 0.9 (Nikon). The light was from a halogen lamp and was broadly cast 

onto the samples with no focusing. We obtained the spectral absorption efficiency by 
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normalized the transmitted light with I1 and without I0 the samples as (I0-I1)/I0. A focal plane 

aperature at the confocal scanning head installed with the microscope allows us to define the 

sample area to be measured with a spatial resolution of 300 nm.   

3.4 Experimental Results and Discussion 

We start with epitaxial MoS2/WS2 heterostructures that were grown on sapphire substrates. 

Unlike non-epitaxial heterocturestures, whose bandstructure is difficult to theoretically predict 

due to the difficulty in building up unit cells, the bandstructure of epitaxial MoS2/WS2 

heterostructures has been well studied using first principle techniques.11-14, 20 This allows for 

synergistic studies from both experimental and theoretical sides to provide insights that are 

difficult to obtain from either perspective alone. The synthesized heterostructure consists of 

two concentric equilateral triangles in lateral size of tens of micrometers and well aligned in 

either the same or opposite directions (Figure 3.1a inset). Raman, STEM, and AFM 

characterizations indicate that the large triangle is single-crystalline monolayer MoS2 while the 

small one single-crystalline monolayer WS2, both continuous, smooth, and uniform (Figure 

3.1a-b, and detailed characterizations seen in the Supplementary Information). The STEM 

characterization also demonstrates that the MoS2 and WS2 monolayers, which have almost 

identical lattice constants21, 22, are epitaxially stacked together in an A-B staking mode along 

the vertical direction (Figure 3.1b and Figure 3.2).  
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Figure 3.1 Characterizations of epitaxial MoS2/WS2 heterostructures. (a) Raman spectra 

collected from different areas (region 1 and 2) of the epitaxial heterostructure. The assignment 

for the Raman peaks is given as shown. Inset, optical images of two typical epitaxial 

MoS2/WS2 heterostructures with different relative orientations. The larger triangle is 

monolayer MoS2 while the small one at the center is monolayer WS2. Scale bar, 10 μm.  (b) 

Scanning transmission electron microscope high angle annular dark field image (STEM-

HAADF) of the epitaxial heterostructure.  The W and Mo atoms, which show different 

contrasts, are denoted in the figure. The lattice constant is measured in the figure as well. The 

dashed orange lines indicate the crystalline directions of the WS2 layer. The circles in orange 

and blue represent W and Mo atoms, respectively, which are used to illustrate the offset of 

these atoms. Inset, the Fast Fourier transformation pattern of the image.   

 

Figure 3.2 Raman mapping of synthesized MoS2/WS2 heterostructures. (a) Mapping of the 

Raman peaks of WS2 for a typical heterostructure. It can be clearly seen that WS2 is missed in 

a small area with a lateral size of 1 μm at the center of the heterostructure. Inset, the optical 

image of the heterostructure mapped. (b) Mapping of the Raman peaks of MoS2 for the same 

heterostructure. The Raman intensity at the central region where WS2 is missing shows to be 

particularly stronger. (c) Raman spectra collected from the very center and the MoS2 area 

(edge) of the synthesized heterostructure. These two spectra show a substantial difference in 

the frequency difference of the two characteristic peaks, which is 20.7 cm-1 at the spectrum of 

the edge and 23.2 cm-1 at the one of the center. Additionally, the Raman peaks of the center 

show intensities around twice as large as those of the edge.  These results indicate that there is 

bilayer MoS2 at the center of the heterostructure. 
 

We characterized the optical properties of the epitaxial MoS2/WS2 hetersotructure at room 

temperature. Figure 3.3a shows the mapping of photoluminescence (PL) from a typical 

heterostructure whose optical image is given in Figure 3.3b. We can immediately find that the 

PL of the monolayer MoS2 is much stronger than that of the MoS2/WS2 heterostructure.  

Representative PL spectra extracted from the mapping results are given in Figure 3.3c.  The 

PL spectrum collected from the MoS2 area (the big triangle) exhibits a strong peak at 1.87 eV, 
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consistent with what was found for monolayer MoS2 previously23. The PL collected from the 

MoS2/WS2 area ( the small triangle) shows a peak position similar to that of the MoS2 but its 

intensity is smaller than that of the MoS2 by two orders of magnitude (Figure 3.3c). To further 

illustrate the low PL efficiency of the heterostructure, the PL of bilayer MoS2 collected under 

comparable conditions is plotted in Figure 3.3c as well (also see Figure 3.4).  It has been well 

known that bilayer MoS2 shows weaker PL than monolayer MoS2 because the transition of the 

bandgap from direct to indirect23-26. However, the PL intensity of the MoS2/WS2 

heterostructure can be found even much weaker than that of bilayer MoS2.  

 

Figure 3.3 Low PL efficiency of epitaxial MoS2/WS2 heterostructures. (a) PL mapping of a 

typical epitaxial MoS2/WS2 heterostructure. (b) Optical image of the heterostructure mapped 

in (a).  (c) Spectra PL collected from the monolayer (1L) MoS2 area (red curve) and the 

MoS2/WS2 area (blue curve) of the heterostructure.  The PL from a MoS2 bilayer (2L) is also 

given (black curve). Inset, comparison of the PL from the MoS2 area and the MoS2/WS2 area 

and the PL from the MoS2/WS2 area scaled by a factor of 60 for visual convenience. (d) 

Schematic illustration for the bandstructure alignment of the heterostructure.  The K point of 

MoS2 coincides with the K’ point of WS2. The interlayer relaxations and radiative intralayer 

recombination are illustrated.  
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Figure 3.4  Characterizations of the synthesized monolayer (1L) and bilayer (2L) MoS2. (a) 

optical images, (b) spectral photoluminescence (PL), and (c) Raman spectra of 1L and 2L 

MoS2. The MoS2 was made using the process described in the Methods of the main text. There 

are always some monolayer MoS2 with an extra layer of flake on the top.  The nice alignment 

of the edges of the extra layer and those of the underneath monolayer suggests the extra layer 

is epitaxially grown on the monolayer MoS2. The PL of the bilayer MoS2 shows much weaker 

intensity and a redshift in the peak position compared to the PL of the monolayer MoS2. The 

frequency differences of the two characteristic peaks at the monolayer and bilayer MoS2 are 

20 cm-1 and 22. 8 cm-1, respectively. 

 

The established theoretical calculations for the bandstructure of epitxial MoS2/WS2 

heterostructures can provide useful insights into the fundamental physics underlying the 

observed low PL efficiency11-14, 20. Theoretical calculations have all indicated that the 

bandstructure of epitxial MoS2/WS2 heterostructures at the K point in the Brillouin zone is 

approximately a simple superposition of the states of monolayer MoS2 and WS2
11, 12, 20. The 

heterostructure essentially makes a type II heterojunction with the valance band maximum 

(VBM) completely localized to WS2 and the conduction band minimum (CBM) to MoS2
11, 12, 

20.  Indeed, we observed similar PL peak positions in the heterostructure and monolayer MoS2 

in experiments (Figure 3.3c) and this supports the theoretical prediction that the bandstructures 

at the K point may not change much after the heterostructuring. As a result, we may conclude 

that the observed low PL of the heterostructure is due to the interlayer relaxation (dissociation) 

of excitons as illustrated in Figure 3.3d. The bandstructure offset between the MoS2 and WS2 
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monolayers can facilitate the separation of photo-excited charges, as the electrons would tend 

to transfer to the monolayer MoS2 while the holes to the monolayer WS2. This separation in 

different monolayers decreases the spatial overlap between the wavefunctions of electrons and 

holes, which may subsequently lead to the decrease in PL efficiency27. The observed low PL 

efficiency also indicates that the interlayer relaxation (dissociation) is very fast. As illustrated 

in Figure 3.3d, the interlayer relaxation of the photo-excited charges at band edges competes 

with another relaxation pathway, radiative intralayer recombination that gives rise to 

photoluminescence. Given the simple bandstructure superposition, it is reasonable to assume 

that the radiative intralayer recombination (at the K point) of the heterostructure is similar to 

that of standing-alone monolayers. Therefore, the observation that the PL of the heterostructure 

is 50-100 times weaker than that of monolayers MoS2 implies that the interlayer relaxation 

process is 50-100 times faster than the radiative recombination in monolayer MoS2. The 

interlayer relaxation can be thus estimated to be in a timescale of 10-100 fs as the radiate 

lifetime of excitons in monolayer MoS2 is reported as around 1-5 ps28, 29. Note that the observed 

low PL efficiency in the heterostructure is actually different from what predicted in theory. 

The theoretical calculation did not fully recognize how efficient the interlayer relaxation could 

be and predicted substantial PL signal in the heterostruecture because of the presence of direct 

transition at the K point11, 12. 

Very surprisingly, to obtain the efficient interlayer relaxation of excitons does not require the 

heterostructure to be epitaxially stacked. We observe similarly efficient interlayer relaxation 

of excitons in non-epitaxial MoS2/WS2 heterostructures as well. To make the non-epitaxial 

MoS2/WS2 heterostructure, we first grew single-crystalline MoS2 and WS2 monolayers 

separately on sapphire substrates using the CVD processes reported previously17, 30 and then 
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transferred the monolayer MoS2 onto the top of monolayer WS2 using a polymer-assisted pick-

and-place approach17 . After the transfer, we mildly annealed the heterostrucrure at 200-250 °C 

for 10-30 minutes under an Ar flow. We have confirmed that both MoS2 and WS2 monolayers 

are known to be very stable and this mild annealing process may not cause any change in the 

quality and crystalline structures of the materials. Fig 3.5a-b shows PL mapping of typical non-

epitaxial MoS2/WS2 heterostructures as well as the optical image of the heterostructures 

mapped. The heterostructures consist of numerous small monolayer MoS2 in triangle shapes 

randomly stacked on top of a big single-crystalline WS2 monolayer (also see Figure 3.6). 

Similar to what we find with the synthesized epitaxial MoS2/WS2 heterostructure, the PL of 

the non-epitaxial MoS2/WS2 heterostructure is two orders of magnitude weaker than that of 

monolayer MoS2 or WS2, regardless the relative orientation of the monolayers (Figure 3.5b-c).  

The interlayer relaxation process is very sensitive to the coupling between the MoS2 and WS2 

monolayers. We can find that the non-epitaxial MoS2/WS2 heterostructures without annealing 

(gray curve in Figure 3.5c) show a less decrease in PL intensity than the annealed counterpart. 

This low-temperature annealing process may remove the organic residue and water molecules 

left between the two monolayers during the transfer process, which may subsequently hence 

facilitates the interlayer excitonic relaxation.  
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Figure 3.5 Low PL efficiency of non-epitaxial MoS2/WS2 heterostructures. (a) PL mapping of 

typical non-epitaxial MoS2/WS2 heterostructures. (b) Optical image of the heterostructure 

mapped in (a). It consists of mutliple monolayer MoS2 (small triangles) randomly distributed 

on top of a big monolayer WS2.  (c) Spectra PL collected from the non-epitaxial MoS2/WS2 

heterostructure (red curve), monolayer (1L) MoS2 (blue curve), and monolayer (1L) WS2 

(brown curve).  The PL from the non-epitaxial MoS2/WS2 heterostructure without being 

annealed is also given (grey curve).  

 

 

Figure 3.6  Characterizations of non-epitaxial MoS2/WS2 heterostructures made by manually 

stacking. (a) Optical image of a typical manually stacked MoS2/WS2 heterostructures.  The 

small triangles are monolayer MoS2 (bright) and the big triangle with weak contrast underneath 

is monolayer WS2. (b) Mapping of the Raman peaks of MoS2 and (b) of WS2 in part of the area 

given in (a).   

 

It is worthwhile to point out that the efficiency of the interlayer exciton relaxation seems to be 

related with the substrates to some degree. The two-order magnitude decrease in PL intensities 
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we have observed are from the MoS2/WS2 hetersotructures made on sapphire substrates. We 

did observe lesser decrease in the PL intensity at the MoS2/WS2 heterostructures made on 

SiO2/Si substrates (Figure 3.7). This is consistent with some recent studies, which reports 

smaller PL intensities in non-epitaxial MoS2/WS2 heterostructures on SiO2/Si substrates than 

monolayer MoS2 or WS2 but the decrease is not as dramatic as we have reported here. A full-

fledged study on the effect of substrates is beyond the scope of this work, but we believe that 

the lesser PL decrease in the heterostructure on SiO2/Si substrates is likely related with the rich 

amount of charge imprities at the surface of SiO2/Si substrates. Nevertheless, the difference 

caused by using different substrates does not affect our conclusion that the efficiency of the 

interlayer exciton relaxation in MoS2/WS2 heterostructures is independent on the epitaxy of 

the stacking.  This could be rooted in the strong electron-phonon coupling in 2D materials, 

which can efficiently compensate whatever momentum mismatch required to be compensated 

for interlayer charge transfer. 

 

Figure 3.7  Spectral PL of non-epitaxial MoS2/WS2 heterostructures (red curve), monolayer 

MoS2 (blue curve), and monolayer WS2 (black curve) at a temperature of 10 K. The substrate 

used here is Si substrates with 300 nm thick thermal oxide.  The inset is a zoom-in version for 

the results of monolayer MoS2 and MoS2/WS2 heterostructures, which is to illustrate the 

substantial PL from the heterostructure. 
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While the PL is dramatically suppressed due to efficient interlayer relaxation, MoS2/WS2 

heterostructures show improved absorption that is beyond a simple superimposition of the 

absorptions of monolayer MoS2 and WS2.  As shown in Figure 3.8a-b, both epitaxial and non-

epitaxial (annealed) MoS2/WS2 heterostructures exhibit substantially higher absorption 

efficiencies than monolayer MoS2.  Significantly, the absorption of the heterostructure is more 

than a simple superimposition of the absorption of monolayer MoS2 and WS2, in particular at 

the low energy range (Figure 3.8a-b). To illustrate this absorption improvement, we subtract 

the spectral absorption of monolayer MoS2 from that of the MoS2/WS2 heterostructure. 

Generally, the spectra resulted from the subtraction well reproduce the features in the 

absorption spectra of  monolayer WS2 absorption, for instance, a strong peak at ~1.95 eV and 

a broad peak at ~ 2.35 eV  that correspond to the A and B excitons in WS2 (Figure 3.8b). For 

the epitaxial and annealed non-epitaxial heterostructures, the substraction also gives rise to a 

peak at 1.84 eV that is lower than any of the intra-layer transitions in MoS2 and WS2. This 

extra peak clearly indicates the improved absorption of the heterostructure at the low energy 

range (Figure 3.8a-b). In contrast, we do not observe similar absorption improvement in the 

non-epitaxial heterostructure without being annealed, whose spectrum resulted from the 

subtraction is identical to the absorption spectrum of monolayer WS2 (Figure 3.8c). The 

improved absorption at the lower energy range results from the red-shift of exiton peaks due 

to the decrease of dielectric screening in the heterostructure compared to that in monolayer of 

MoS2 or WS2, similar to what can be observed in bilayer MoS2 and bilayer WS2 (Figure 3.9). 
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Figure 3.8 Interlayer exciton transition in MoS2/WS2 heterostructures. Absorption spectra 

collected from the MoS2 area (blue curve) and the MoS2/WS2 area (black curve) for (a) 

epitaxial MoS2/WS2 heterostructures, (b) annealed non-epitaxial MoS2/WS2 heterostructures, 

and (c) non-epitaxial MoS2/WS2 heterostructure without being annealed. The difference 

between the two absorption spectra (MoS2/WS2 - MoS2) is given in the corresponding lower 

panel (red curve).  For the non-epitaxial heterostructures, the absorption spectrum of 

monolayer WS2 (brown curve) is also given in the lower panel. The absorption peaks are 

labeled with intra-layer and interlayer transitions as shown.  

 

 

Figure 3.9 Absorption spectra of monolayer and bilayer WS2 (top) and of monolayer and 

bilayer MoS2 (bottom). 
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3.5 Conclusion 

Our result indicates that 2D heterostructures present a useful approach to engineer the excitons 

in 2D materials. For instance, it provides the capabilities to efficiently dissociate the excitons 

in 2D materials that would otherwise difficult to separate and tend to radiatively recombine 

due to extraordinarirly strong excitonic binding energy31, 32. The combination of efficient 

exciton dissociation and improved absorption mades  the 2D heterostructures are particularly 

useful for the absorption-based photonic devices, such as photovoltaics, solar fuels, 

photodetectors, optoelectronic modulators, and photocatalysts. Additionally, the independence 

of the excitonic properties on the stacking epitaxy and orientation clearly points out that a 

simple stacking of 2D materials may be viable strategy for the fabrication of functional 2D 

heterostrctures. Complex 2D heterostructure fabricated by manually stacking dissimilar 2D 

materials with random orientation are expected to show equal optical functionality as the 

counterpart with perfect epitaxy.  
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Chapter 4: Engineering Substrate Interactions for High Luminescence Efficiency of 

Transition Metal Dichalcogenide Monolayers 

 

4.1 Abstract 

We demonstrate that the luminescence efficiency of monolayer MoS2, WS2, and WSe2 is 

significantly limited by the substrate and can be improved by orders of magnitude through 

substrate engineering. The substrate affects the efficiency mainly through doping the 

monolayers and facilitating defect-assisted non-radiative exciton recombinations, while the 

other substrate effects including straining and dielectric screening play minor roles. The doping 

may come from the substrate and substrate-borne water moisture, the latter of which is much 

stronger than the former for MoS2 and WS2 but negligible for WSe2. Using proper substrates 

such as mica or h-BN can substantially mitigate the doping effect. The defect-assisted 

recombination depends on the interaction between the defect in the monolayer and the substrate. 

Suspended monolayers, in which the substrate effects are eliminated, may have efficiency up 

to 40% at room temperatures. The result provides useful guidance for the rational design of 

atomic-scale light emission devices.  

4.2 Introduction 

Two-dimensional (2D) transition metal dichalcogenide (TMDC) materials such as monolayer 

MoS2, WS2, and WSe2 promise to enable the development of atomic-scale light emission 

devices, but their luminescence efficiencies have been shown to be surprisingly low despite 

the materials’ perfect surface passivation and strong exciton binding energy1,2.  Recent studies 

indicate that the optical properties of 2D TMDC materials is susceptible to the influence of 

substrates3-13. It has been reported that substrates may affect the luminescence efficiency of the 
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monolayers by inducing strain, doping, or dielectric screening3,7-9,14. However, despite the 

recent progress, many important questions about the substrate effect have remained to be 

answered. For instance, while it is known that substrates could affect the luminescence 

efficiency through multiple ways, there is no quantitative understanding for the effect of each 

mechanism and no knowledge on which mechanism could be dominant. More importantly, it 

is not clear how the effect of substrates might depend on the nature of the substrate and the 

physical features of the monolayers. Answers to these questions would provide useful guidance 

for the realization of optimal luminescence efficiency through engineering the substrate effects.   

Here we quantitatively evaluate the effect of substrates on the luminescence efficiency of 

monolayer MoS2, WS2, and WSe2, and demonstrate strategies of substrate engineering to 

improve the efficiency by orders of magnitude.  We find that the main effects of the substrate 

lie in doping the monolayers and facilitating defect-assisted non-radiative exciton 

recombinations. The doping may be from substrate-borne water moisture and the substrate 

itself, the former of which is much stronger than the latter for WS2 and MoS2 but negligible 

for WSe2.  Using proper substrates can substantially mitigate the doping effect on the PL, such 

as mica for WS2 and MoS2 and h-BN or polystyrene for WSe2. The defect-assisted 

recombination depends on the interaction of the defects in the monolayer such as sulfur 

vacancies with the substrate, and may be substantially suppressed by either removing the 

substrate or lowering the number of defects. In this work we largely ignore the optical 

resonance effects associated with the substrate’s geometrical features15.   

4.3 Experimental Methods 

Synthesis and transfer of MoS2 and WS2 monolayers: The monolayers were grown using a 

chemical vapor deposition (CVD) reported previously16. Typically, 1g sulfur powder (Sigma-
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Aldrich) and 15-30mg MoO3 (WO3) (99.99%, Sigma-Aldrich)  source material were placed in the 

upstream and the center of a tube furnace, respectively. And substrates (usually sapphire) were 

placed at the downstream of the tube. Typical growth was performed at 750 °C (900 °C) for 

10 (30) minutes under a flow of Ar gas in rate of 100 sccm and ambient pressure.   

The transfer of the monolayers followed a surface-energy-assisted transfer approach that we 

have developed previously17. In a typical transfer process, 9 g of polystyrene (PS) with a 

molecular weight of 280000 g/mol was dissolved in 100 mL of toluene, and then the PS 

solution was spin-coated (3000 rpm for 60 s) on the as-grown monolayers. This was followed 

by a baking at 80−90 °C for 1 hour. A water droplet was then dropped on top of the monolayer. 

Due to the different surface energies of the monolayer and the substrate, water molecules could 

penetrate under the monolayer, resulting the delamination of the PS-monolayer assembly. We 

could pick up the polymer/monolayer assembly with a tweezers and transferred it to different 

substrates. After that, we baked the transferred PS-monolayer assembly at 80 °C for 1 h and 

performed a final baking for 30 min at 150 °C. Finally, PS was removed by rinsing with toluene 

several times.  

Characterizations: Raman and photoluminescence (PL) mapping were carried out by Horiba 

Labram HR800 system with a 532 nm laser. All other Raman spectra were collected on a 

Renishaw-1000 Raman spectroscopy with an excitation wavelength of 514.5 nm. A home-built 

setup that consists of a confocal microscope (Nikon Eclipse C1) connected with a 

monochromator (SpectraPro, Princeton Instruments) and a detector (Pixis, Princeton 

Instruments) was used to perform the photoluminescence measurement with an excitation 

wavelength of 532nm. Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer and Edinburgh 

FL/FS920 Spectrometer were used to measure the absorption and of photoluminescence of 
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rhodamine-6g doped PMMA film and rhodamine-6g solution (300 μM in methanol). AFM 

measurements were performed at a Veeco Dimension-3000 atomic force microscope. 

A 150 fs pulse at 2.10 eV is used to pump electrons from the valence band into conduction 

band of the monolayers. The differential reflection (ΔR/R) of a time-delayed pulse, whose 

wavelength is chosen to match the A exciton (~1.88eV for MoS2 and 2eV for WS2, 

respectively), was used to probe the monolayers after the photoexcitation. The pumping and 

probe beams were collinearly polarized before entering into a 50X long working distance 

objective and the reflected probe pulse was collected using the same objective. A 

monochromator and a Si photodetector combination measure the differential reflection using 

lock-in amplification method. Typical pumping fluence used in the experiment was less than 

10 µJ/cm2. Unless otherwise specified, all experiments were performed at room temperature. 

DFT Computation: We performed the first-principles calculations by using Vienna ab initio 

simulation package (VASP) within the framework of density functional theory. Van der Waals 

corrected functional with Becke88 optimization (optB88) was adopted to consider the 

dispersive interaction between the MoS2 and the substrate. A kinetic energy cutoff of 400 eV 

of the plane wave basis was used. We used a criterion for the k-point sampling based on 

Monkhorst-Pack (MP) grid such that the number of the k points along the inplane periodic 

direction was determined by the smallest integer that fulfills nkL=60 Å, where L is the lattice 

constant of the supercell in the periodic direction. The various substrates supported MoS2 

systems were simulated by creating slab models and supercells were created by consider the 

lattice commensuration between each type of substrate and the MoS2 layer. A vacuum layer 

with thickness greater than 15 Å was adopted to avoid the spurious interaction due to the 

periodic image and dipole corrections were implemented to consider the asymmetry of the 
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slabs. The structures were relaxed until the forces on each atom are less than 0.005 eV/Å. To 

analyze the charge dynamics across the MoS2-substrate interface, we calculated the differential 

charge density (DCD) ∆ρ(r) and the plane-averaged DCD ∆ρ(z) along the direction normal to 

the interface by integrating DCD within the x-y plane. The amount of transferred charge at the 

z point from the bottom layer was obtained according to ∆𝑄(𝑧) = ∫ ∆𝜌(𝑧′)
z

−∞
dz′. 

We quantitatively evaluated the PL efficiency (quantum yield (QY)) of the monolayers by 

using rhodamine-6G (R6G) molecules as a reference.  The quantum yield is defined as the ratio 

of the number of emitted photon versus to the number of adsorbed photons. We prepared a 

dilute (0.3 μM) rhodamine-6G  solutions in methanol, which is known to have a QY reasonably 

close to 100%. We also prepared a thin film of rhodamine-6G in PMMA by mixing the solution 

into PMMA (950k in anisole, MicroChem ) and then spinning coating (3000 rpm for 1min) the 

mixture onto a double-polished fused silica slide.  The absorption and PL of the R6G solution 

and the thin film were measured at identical conditions at Shimadzu UV-3600 UV-VIS-NIR 

Spectrophotometer and Edinburgh FL/FS920 Spectrometer. As shown in Figure 4.1, the 

absorption efficiency of the solution and the thin film at the incident laser are 0.21 and 0.024, 

respectively. And the ratio between the integrated PL intensity of the solution and that of the 

film is 1: 0.065 (Figure 4.1c). By using the equation given in equation 4.1, the QY of the thin 

R6G PMMA film can be estimated to be 56.2%.  
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Figure 4.1 PL measurements for the calibration of luminescence efficiency. Absorption spectra 

of (a) Rhodamine 6G film and (b) Rhodamine 6G solution.  PL spectra of intensity of (c) 

Rhodamine 6G film (blue curve) and Rhodamine 6G solution (red curve) with excited 

wavelength at 532nm. (d) PL spectral of Rhodamine 6G film, suspended WS2 and MoS2 

monolayers.  

 

To evaluate the PL quantum yield of the monolayers, we first calculated the absorption 

efficiency of the monolayers for the incident laser (532 nm) with the measured refractive index. 

The calculated absorption efficiencies are given in Table 4.1. In the calculation, the refractive 

index of for supported and suspended monolayers is assumed to be identical, which is 

reasonably since the 532 nm is off the excitonic resonance. We then measured the PL of the 

monolayers and the R6G PMMA film under comparable conditions. With the information of 

the absorption efficiency and the spectral PL, we can find out the QY of monolayer MoS2 and 

WS2 using equation 4.2.    
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Table 4.1.  Absorption efficiency of monolayer WS2 and MoS2 for incident laser (532nm) 

Substrates Absorption 532nm 

WS2-suspended 0.055 

WS2-sapphire 0.029 

WS2-mica 0.034 

WS2-Teflon 0.042 

WS2-hBN/sapphire 0.016-0.028 

MoS2-suspended 0.065 

MoS2-sapphire 0.035 

MoS2-Teflon 0.046 

MoS2-mica 0.039 

MoS2-hBN/sapphire 0.035-0.041 

MoS2-PDMS 0.045 

MoS2-PS 0.039 

MoS2-GaN 0.025 

MoS2-quartz 0.043 

MoS2-SiO2(285nm) 0.103 

 

4.4 Experimental Results and Discussion 

We start with comparing the PL of suspended MoS2, WS2, and WSe2 monolayers to those of 

as-grown counterparts. The monolayers were synthesized on sapphire substrates using 

chemical vapor deposition (CVD) processes as described previously16, and the suspended 



 

62 

monolayers were prepared by manually transferring the synthesized monolayers onto SiO2/Si 

substrates pre-patterned with holes (Figure 4.2a-b), which followed a surface-energy-assisted 

transfer technique that we previously developed (see Method)17. Significantly, the suspended 

monolayers show PL intensities two orders of magnitude (~30- 60 times) stronger than the as-

grown counterparts under the same incident power (Figure 4.2c-d, see Figure 4.3 for the result 

of WSe2).  The incident power used was very small ( usually < 20 W/cm2) to minimize potential 

heating effect and many body interactions18. We evaluate the PL efficiency (the number of 

photons emitted vs. the number of photons absorbed) of the monolayers by using Rodamine 

6G dye molecules as a reference (see method). The typical PL efficiencies are found to be 0.13% 

and 4.1% for the as-grown and suspended MoS2, 2.3% and 40% for the as-grown and 

suspended WS2 monolayers, and 0.6% and 22% for the supported and suspended WSe2 

monolayers, respectively. It is worthwhile to point out that the PL efficiency of the as-grown 

monolayers vary substantially (by up to one order of magnitude) among different samples or 

even in the same flake (Figure 4.4) due to the difference in interaction with the substrate and/or 

in crystalline quality, while the PL of the transferred monolayers is much more uniform (Figure 

4.5). Without losing generality, the PL efficiency of the as-grown monolayers was obtained 

from the flakes with relatively high PL intensities, and all the characterizations were performed 

on the same set of samples if at all possible. 
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Figure 4.2 Improved luminescence efficiency of suspended monolayers. (a) Optical image of 

a typical suspended monolayer. Inset, an as-grown monolayer (scale bar: 10 μm). (b) 

Photoluminescence (PL) mapping of the suspended monolayer. The color bar of PL intensity 

is in logarithm scale. (c) PL spectra of as-grown monolayer MoS2 on sapphire substrates, 

suspended monolayer MoS2, and the monolayer MoS2 transferred onto SiO2/Si substrates with 

300 nm thick thermally grown oxide. The spectra of the as-grown and the one on SiO2/Si 

substrates are multiplied by a constant of 50 for visual convenience. (d) PL spectra of as grown 

monolayer WS2, suspended monolayer WS2, and the monolayer WS2 transferred onto SiO2/Si 

substrates. The spectra of the as-grown and the one on SiO2/Si substrates are multiplied by 25 

and 50, respectively, for visual convenience.  

  

 

Figure 4.3 Improved luminescence efficiency of suspended monolayer WSe2. PL spectra of as-

grown monolayer WSe2 on SiO2/Si substrate, suspended monolayer WSe2, and the monolayer 

WSe2 transferred onto another SiO2/Si substrate. The spectra of the as-grown and transferred 

monolayers are multiplied by 15 for visual convenience. 
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Figure 4.4 Raman and PL mapping of as-grown MoS2 on sapphire substrates. Mapping for (a) 

the frequency of the E2g
1 peak, unit: cm-1,  (b) the frequency of the A1g peak, unit: cm-1, (c) the 

position of the PL peak, unit: nm, and (d) the PL intensity. We can find clear correlation 

between the PL intensity, the PL wavelength, and the frequency of the A1g peak.  Generally, 

weaker PL intensities are accompanied with redshifted A1g peaks and longer PL wavelengths.  

This suggests that the variation in PL intensity is due to different local doping as more n-doping 

may give rise to redshifts in the A1g peak, lower PL intensity, and longer PL wavelengths. 

 

 

Figure 4.5 Raman and PL mapping for the monolayer MoS2 transferred on sapphire substrates. 

Mapping for (a) the frequency of the E2g
1 peak, unit: cm-1,  (b) the frequency of the A1g peak, 

unit: cm-1, (c) the position of the PL peak, unit: nm, and (d) the PL intensity.  We can find 

negligible variation in the frequency of the A1g peak and in the PL intensity. 
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To understand the improved PL efficiency of the suspended monolayers, it is necessary to 

examine how the transfer process used to prepare the suspended monolayers could impact the 

materials and the PL. As a matter of fact, the transfer process is very mild with no heat, 

corrosive chemicals, and capillary forces involved and has been previously demonstrated able 

to preserve the crystalline quality of the monolayers17. The preservation of the crystalline 

quality is also supported by the uniform, strong luminescence at the suspended monolayers 

(Figure 4.2b) as well as by the similar width in the Raman peaks of the monolayers before and 

after the transfer (Figure 4.6). Additionally, we confirm that the chemicals involved in the 

transfer process, including polystyrene, solvent (toluene), and water, may be removed by the 

mild baking (200-300°C under Ar for 30 minutes) in the transfer process and have only minor 

effects on the PL (Figure 4.7). As further evidence for the minor effect of the transfer process, 

the monolayer transferred using this wet process shows similar PL efficiency as those 

transferred by a dry process that involves no chemicals as discussed later. Therefore, we can 

exclude out the transfer process as the reason for the improved PL efficiency in the suspended 

monolayer.  
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Figure 4.6 Effect of the transfer process on the crystalline quality of the monolayer. Raman 

spectra of as-grown monolayer MoS2 on sapphire substrates (blue) and the monolayer MoS2 

transferred onto another sapphire substrate after the growth (red).  The Raman peaks are 

labeled as shown. The redshift of the A1g peak indicates increase of n-doping after the transfer. 

 

 

Figure 4.7 Effect of the transfer process on the PL efficiency. (a) PL of as-grown monolayer 

MoS2 on sapphire substrates and the as-grown monolayer after treated by polystyrene (PS) and 

the solvent (toluene). We spin coat a layer of PS (solved in soluene) on top of as-grown 

monolayer MoS2 on sapphire substrates, and then rinsed it with toluene to remove the polymer 

for several times. After the rinse we baked the monolayer at 200°C under Ar for 1 hour. All 

the steps are exactly the same as what used for the transfer process except not involving the 

lift-off step. We monitored the PL intensity of the monolayer before and after the treatment. 

(b) PL of as-grown monolayer MoS2 on sapphire substrates and the as-grown monolayer after 

treated by water. We cast a water droplet on top of as-grown monolayer MoS2 on sapphire 

substrates  and then dried it by annealing at 200°C under Ar for 1 hour. We monitored the PL 

intensity of the monolayer before and after the treatment.  
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Figure 4.8 Effect of trapped water moisture on the PL efficiency of monolayer MoS2 and WS2.  

(a) PL spectra of as-grown monolayer MoS2 on sapphire substrates (red curve), the monolayer 

MoS2 transferred onto another sapphire substrate (black curve) and Teflon substrates (blue 

curve). (b) PL spectra of as-grown monolayer WS2 on sapphire substrates (red curve), the 

monolayer WS2 transferred onto another sapphire substrate (black curve) and Teflon substrates 

(blue curve).  The PL spectra in (a) and (b) are normalized with respect to the Raman intensity 

in order to remove the effect of local field enhancements. More specifically, the PL of the 

monolayers on Teflon substrates is scaled down by a factor of 1.6 due to the local field 

enhancement caused the small refractive index of the substrate. (c) PL spectra of the monolayer 

MoS2 transferred onto scotch tapes using the wet process and a dry transfer (directly applying 

the tape to the as-grown monolayers and then mechanically peeling it off). (d) PL spectra of 

the monolayer MoS2 transferred using the wet process and a monolayer MoS2 exfoliated from 

single crystalline bulk materials onto SiO2/Si substrates.  

 

The substrate is what causes the difference in PL between the supported and suspended 

monolayers. We find that even a trace amount of moisture at the substrate surface may 

substantially lower the PL efficiency of MoS2 and WS2 monolayers by n-doping the 

monolayers.  This is evidenced by one order of magnitude lower PL intensities at the 

transferred MoS2 and WS2 monolayers than the as-grown monolayers on the same substrates 

(Figure 4.8a-b). The PL of the transferred monolayers is also broader and redshifts compared 

to those of the as-grown ones. Similar weaker, broader, and redshifted PL can be generally 

found at the monolayers transferred onto many other substrates including SiO2/Si (Figure 4.2), 
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ITO glass, GaN, quartz, LaAlO3, SrTiO3, and SiO2/Si functionalized with (3-Aminopropyl) 

trimethoxysilane (APTMS) (Figure 4.9). These features indicate that the MoS2 and WS2 

monolayers transferred onto those substrates are heavily n-doped, which has been known able 

to enable trion-dominated emission featuring with lower efficiencies, broader peaks, and 

longer wavelengths than the exciton emission19-21. The n-doping is further supported by the 

substantial redshift of the A1g peak, which indicates the concentration of electrons22, after the 

monolayer being transferred (Figure 4.6).  However, the heavy n-doping effect may be only 

found at the transferred monolayers but not the as-grown and suspended monolayers (Figure 

4.2).  It is also absent from the monolayers transferred onto hydrophobic substrates such as 

Teflon and SiO2/Si functionalized with octadecyltrichlorosilane (OTS) (Figure 4.8 and Figure 

4.10). These strongly suggest that the observed heavy n-doping is contributed by water 

moisture, more specifically, by the water moisture trapped between the monolayer and the 

substrate as the water on top of the monolayer can be readily removed during the baking 

process (Figure 4.7). It has been previously demonstrated that the water moisture trapped 

underneath may strongly n-dope MoS2 monolayers23,24. As a further evidence to support the 

adverse effect of water moisture on the PL, we found by exposing the transferred monolayers 

to concentrated hydrogen sulfuric acid, which has been well known able to remove water 

moisture, may improve the PL to be as good as the as-grown one (Figure 4.11). Note that the 

monolayers transferred onto layered materials substrates such as mica with high hydrophilicity 

also show no sign of heavy doping, as evidenced by comparable PL in the monolayers 

transferred and directly grown onto the same layered materials substrates (Figure 4.12). This 

is because the moisture adsorbed onto layered materials substrates, which may bear a less 

amount of surface defects, is easier to remove during the baking process than those adsorbed 
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onto conventional substrates. We do find a gradual decrease, broadening, and redshift in the 

PL of the monolayer transferred onto mica when exposed to ambient environment as mica may 

attract moisture from the environment. 

 

Figure 4.9 Heavy n-doping in the monolayer transferred onto hydrophilic substrates. PL 

spectra of the monolayer MoS2 transferred onto different hydrophilic substrates, including 

quartz, ITO glass, LaAlO3, and SiO2/Si functionalized with a self-assembled monolayer of (3-

Aminopropyl) trimethoxysilane (APTMS) molecules. The PL of as-grown MoS2 on sapphire 

substrates is also given as a reference.  The PL spectra of all the transferred monolayers are 

multiplied by a constant of 5 for visual convenience.  

 

 
 

Figure 4.10 Absence of heavy n-doping in the monolayer transferred onto hydrophobic 

substrates. PL spectra of the monolayer MoS2 transferred onto different hydrophobic 

substrates, including polystyrene (PS), polydimethylsiloxane (PDMS), and SiO2/Si 

functionalized with a self-assembled monolayer of octadecyltrichlorosilane (OTS) molecules. 

The PL of as-grown MoS2 on sapphire substrates is also given as a reference. 
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Figure 4. 11 Removal water moisture by treatment with concentrated hydrogen sulfuric acid. 

(a) PL spectra of a MoS2 monolayer at different stages of the hydrogen sulfuric acid treatment, 

as-grown on sapphire substrates (dashed black line), transferred onto another sapphire 

substrate (yellow solid line), treated by concentrated hydrogen sulfuric acid (red solid line), 

and rinsed with water (blue solid line) on sapphire substrates. (b) Raman spectra of the 

monolayer before and after the hydrogen sulfuric acid treatment as well as after being rinsed 

with water. For the treatment, we immersed the monolayer into concentrated (98%) hydrogen 

sulfuric acid for minutes,  took it out, and used dry N2 to blow the residue hydrogen sulfuric 

acid  away prior to further measurement. We monitored the Raman and PL before and after 

this treatment.  After that, we rinsed the monolayer using water, dried it, and measured the 

Raman and PL again. 

 

 

Figure 4.12 PL spectra of the monolayer MoS2  directly grown on mica substrates and the 

monolayer transferred onto mica substrates.  The transferred monolayer was grown on sapphire 

substrates first, but we have confirmed no difference in quality for the monolayers grown on 

the two substrates using Raman measurement. This result indicates negligible difference in the 

doping for the as-grown and transferred monolayers on mica substrates. 
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The trapped moisture can be mainly correlated to the trace moisture that the substrate 

intrinsically attracts from ambient environment, instead of being introduced by the transfer 

process. Should the water moisture result from the transfer process, we would expect similar 

heavy n-doping in all the transferred monolayers. The monolayer transferred by using this wet 

process shows similar PL efficiency to those transferred by a dry process that involves no water 

(Figure 4.8c). And the PL of the monolayers transferred on SiO2/Si substrates using the wet 

transfer is very similar to the PL of the monolayer mechanically exfoliated from bulk single 

crystalline onto the same substrates (Figure 4.8d). It is worthwhile to point out that the PL of 

our exfoliated monolayers is consistent with the results in references, which often show trion-

dominated emission in the mechanically exfoliated MoS2 and WS2 monolayers on SiO2/Si 

substrates3,5-7,19,25,26. All these results support that the transfer process is not the main source 

of the trapped moisture. Very interestingly, the adverse effect of the trapped moisture is 

negligible for WSe2.  The as-grown and transferred monolayer WSe2 on SiO2/Si substrates 

shows similar PL efficiencies (Figure 4.1), which is different from what observed at MoS2 and 

WS2 monolayers and indicates much less adverse effect of the trapped water moisture to WSe2.  

This is due to the different intrinsic doping of these materials as CVD-grown MoS2 and WS2 

monolayers are known intrinsically n-doped while monolayer WSe2 intrinsically p-doped. 

Except the doping from substrate-borne water moistures, the substrate itself may dope the 

monolayer and thereby affect the PL. We investigated the PL of the monolayers supported onto 

a wide variety of substrates where the effect of trapped moistures is minimal. For simplicity, 

we mainly focus on monolayer MoS2, including as-grown monolayer MoS2 on sapphire and 

the MoS2 monolayers transferred onto organic materials or 2D materials substrates. Figure 

4.13a shows the PL of the monolayer MoS2 on different substrates, in which the PL of the 
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suspended MoS2 is also given as a reference. Mica substrates may enable the strongest PL at 

the supported monolayer among all the substrates we studied, around 2-3 times higher than 

sapphire substrates, while polystyrene substrates are the worst (Figure 4.13 and Figure 4.10). 

Hexagonal boron nitride (h-BN), which has been reported to be a good substrate for monolayer 

electronic devices27, is not as good as mica in terms of promoting the PL in MoS2. We can 

exclude out any substantial effect of strains, which was reported able to affect the PL efficiency 

of monolayers6,8,21,28-32, in the substrate-dependent PL efficiencies. Only negligible difference 

(< 0.7%) in strain can be found in all the supported and suspended monolayers as indicated by 

a minor difference in the frequency of the E2g
1 peak that is known sensitive to strain (Figure 

4.13b and Figure 4.14)28,29,33.  
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Figure 4.13  Doping effect of the substrate.  (a) PL spectra of as-grown monolayers MoS2 on 

sapphire substrates (red) and the monolayer transferred onto mica (black), h-BN (grey), and 

Teflon (orange), and polystyrene (blue) substrates. The PL of suspended monolayer MoS2 with 

the intensity scaled by a factor of 0.03 is also given. The PL of the monolayers on Teflon 

substrates is scaled down by a factor of 1.6 due to the local field enhancement caused the small 

refractive index of the substrate. (b) Raman spectra of monolayers MoS2 on different 

substrates.  The two dashed lines indicate the E1
2g and A1g peaks of the as-grown monolayer. 

(c) Calculated charge transfer between monolayer MoS2 and mica substrate, which shows 

plane-averaged differential charge density Δρ (red line) and amount of transferred charge ΔQ 

(blue line) as a function of the distance in the vertical direction. Also shown is a sideview of 

the atomic model used in the DFT calculation and the isosurface of charge transfer where green 

(orange) color denotes diminishing (accumulation) of electrons.  (d) Transient differential 

reflection collected from as-grown monolayer  MoS2 on sapphire substrates and the monolayer 

transferred onto mica, Teflon, and h-BN substrates.  The measurement for the monolayer on 

PS is very difficult due to the thermal instability of PS. 
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Figure 4.14 Strain in suspended monolayer MoS2. Raman spectra of suspended monolayer 

MoS2 and supported monolayers MoS2.  The inset is the mapping for E2g
1 the peak position of 

the monolayers transferred onto SiO2/Si substrates pre-patterned with holes. The E2g
1 peak in 

the suspended MoS2 monolayer shows a redshift of ~1.5 cm-1 compared to the part of the 

monolayer supported by the substrate.  This indicates a tensile strain of 0.68% in the suspended 

monolayer, which may translate into a decrease of 10% in PL efficiency according to the 

studies in references 
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Figure 4.15 Fitting of the PL emission of monolayer MoS2 on different substrates. The 

measured PL spectra (red curves) are fitted as a combination of neutral A exciton, trion A-, and 

B exciton emission, each of which is fitted by Lorenztian functions. 
 

The dependence of the PL efficiencies on substrates as shown in Figure 4.13a and Figure 4.10 

can be mainly ascribed to substrate-induced doping. The higher PL efficiency of the supported 

monolayer is accompanied with blueshifts of the A1g Raman peak, which indicates the decrease 

of n-doping level (Figure 4.13b)22.  The substrate-induced doping is also supported by the 

different ratios of trion/exiton emission in the monolayers. We can evaluate the ratio of trion 

and exciton emissions by numerically fitting the PL spectra (Figure 4.15).  The fitting result 
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shows that the higher PL efficiency comes with a lower ratio of trion emission. For instance, 

the monolayer on mica substrates shows the lowest ratio of trion emission.  Additionally, we 

simulated the charge transfer between the monolayer and the substrates using DFT techniques 

(Figure 4.13c and Figure 4.16).  The simulation result confirms that mica can provide the best 

capability to attract electrons (p-doping) from monolayer MoS2 while polystyrene provides 

strong n-doping. We also studied the PL of monolayer MoS2 directly grown on substrates 

including mica, sapphire, GaN, quartz, and SiO2/Si (Figure 4.17-4.18), in which the effect of 

trapped moisture can be ignored as well due to the high-temperature treatment of the substrate 

in the synthetic process. While larger substrate-induced strains (up to 1.4%) could be found in 

the as-grown monolayers, the main conclusions, including the important role of substrate-

induced doping and the best capability of mica to promote the PL efficiency, hold for the as-

grown MoS2 monolayers on different substrates. Similar effect of substrate-induced doping 

can be found at monolayer WS2 (Figure4.19), where the p-doping substrate like mica can best 

promote the PL. However, the PL in monolayer WSe2 can be best promoted by the n-doping 

substrate such as polystyrene and h-BN, and is weaker on p-doping substrates (Figure 4.20).  

Similar to the different effects of water moisture to these materials, this is rooted in the different 

intrinsic doping of the monolayers, as the CVD-grown WS2 and MoS2 are known intrinsically 

n-doped while the monolayer WSe2 intrinsically p-doped. The different effects of the same 

substrate to the monolayers with different intrinsic doping further support the important role 

of substrate-induced doping in the PL efficiency.  
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Figure 4.16 Charge transfers between monolayer MoS2 and some typical substrates.  

Calculated plane-averaged differential charge density Δρ (red line) and amount of transferred 

charge ΔQ (blue line) as a function of the distance in the vertical direction for the monolayer 

MoS2 on top of different substrates, including (a) Teflon, (b) mica, (c) h-BN, (d) PDMS, 

(e) sapphire,  (f) GaN, and (g) fused quartz. The horizontal dashed line in each plot 

corresponds to the location of the maximum of the ΔQ curve at the interface of the adsorbate 

and the surface, and its corresponding value gives the transferred charge from the substrate to 

MoS2.  Accompanying with each plot, the topview (bottom) and sideview (right side) of the 

model structures used in the DFT calculation are also given.  The isosurface of Δρ is also 

plotted where green (orange) denotes depletion (accumulation) of electrons for mica, h-BN, 

sapphire, GaN, and quartz. Note that an opposite color scheme is applied to the isosurface plot 

for Teflon and PDMS, due to their different relative alignment with the MoS2 monolayer.  



 

78 

The results given in Figure 4.8 and Figure 4.13 indicate that the doping effect of the substrate 

is far weaker than that of the substrate-borne moisture. This is consistent with previous studies 

that show strong doping to the monolayers from molecular dopants25,34,35.  To better understand 

the doping effect on the PL efficiency, we investigated the exciton dynamics of the supported 

monolayers using pump-probing techniques (Figure 4.13d). What we measured is the 

differential reflection ΔR/R of a delayed probe beam from the monolayers after photoexcitation 

by a pump beam (590 nm), whose amplitude can be correlated to the concentration of 

photoexcited charges (see Method). While more studies could be necessary, our measurement 

result nevertheless indicates reasonably similar exciton lifetime with minor variations in all the 

supported monolayers (Figure 4.13d). This suggests that the different PL efficiencies caused 

by the substrate-induced doping may essentially result from different radiative lifetimes, the 

longer radiative lifetime, the lower PL efficiency. A recent study predicts that trions, whose 

population varies with the doping, indeed have radiative lifetime longer than excitons36.  We 

would like to point out that the doping from substrates and substrate-borne water moisture, 

which results from charge transfer, might bear some difference from the doping caused by the 

implantation or substitution of dopant atoms.  In contrast to the substantial shift in the binding 

energy of Mo atoms observed at Nb-doped MoS2
37,38, we find negligible changes in the binding 

energy of Mo and S atoms between the as-grown and transferred MoS2 on sapphire substrates 

and the monolayer MoS2 on different substrates (Figure 4.21).  
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Figure 4.17 PL and Raman of the monolayer MoS2 grown on different substrates. (a) PL 

spectra (b) Raman spectra of the monolayer MoS2 directly grown on different substrates, 

including mica, sapphire, GaN, quartz, and SiO2/Si.  The dashed lines indicate the two Raman 

peaks in the as grown monolayer MoS2 on sapphire substrates. The PL is normalized to their 

corresponding Raman intensities in order to eliminate the effect of local field enhancement. 

Generally, the monolayers on sapphire, GaN, mica, and quartz substrates show similar Raman 

intensities, while the monolayer on SiO2/Si (90 nm thermally grown oxide) shows Raman 

intensity 10 times larger. The Raman measurement indicates a tensile strain of 1.4% in the 

monolayer grown on quartz substrates, which is expected able to cause 50% decrease in the 

PL.  

 

 

Figure 4.18 Comparable crystalline quality in the monolayer MoS2 grown on different 

substrates. For the convenience of comparison, we grew the monolayers on different substrates 

(including sapphire, GaN, and quartz) and then transfer them onto the same SiO2/Si substrates 

for Raman and PL measurements.  (a) Raman spectra and (b) PL spectra of the monolayer 

MoS2 transferred onto SiO2/Si substrates.  The similar Raman and PL spectra indicate that the 

monolayer MoS2 grown on different substrates have similar crystalline quality.   
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Figure 4.19 Substrate-dependent PL of supported monolayer WS2. PL spectra of as-grown 

monolayers WS2 on sapphire substrates (red curve) and the monolayer transferred onto mica 

(black curve), h-BN (yellow curve), and Teflon (green curve) substrates. Also given is the PL 

spectrum of the as-grown WS2 on SiO2/Si substrates (dark red curve). All the PL spectra are 

normalized with respect to corresponding Raman intensities in order to eliminate the effect of 

local field enhancements. We can find that the dependence on the substrate is similar to what 

observed at the supported monolayer MoS2. Mica may enable an improvement of 2.5 times in 

PL efficiency compared that of the as-grown one.  

 

 

Figure 4.20 Raman and PL of monolayer WSe2 on different substrates. (a) Raman spectra (b) 

PL spectra of the monolayer WSe2 transferred onto different substrates, including mica, 

sapphire, PS, Teflon, and h-BN. The monolayer WSe2 was originally grown on sapphire 

substrates. All the PL spectra are normalized to their corresponding Raman intensities in order 

to eliminate the effect of local field enhancements.  The DFT calculation indicates that the 

charge transfer between monolayer WSe2 and these substrates is 0.072, 0.004, 0.002, -0.0051, 

-0.0048 for the substrate of mica, sapphire, Teflon, h-BN, and polystyrene, respectively, where 

a positive values means p-doping while negative value n-doping. 



 

81 

 

Figure 4.21 Negligible change in the binding energy due to the doping of substrate-borne water 

moisture and the substrate. (a) XPS spectra of Mo 3d and (b) S 2p collected from as-grown 

monolayer MoS2 on sapphire substrates, transferred MoS2 on sapphire substrates, and as-

grown monolayer MoS2 on mica substrates. 

 

The doping effect alone cannot account for the observed dramatic difference in PL efficiencies 

between the suspended and supported monolayers. In fact, the PL of the suspended MoS2 

monolayer exhibits similar line width and ratio of exciton/trion emission as that of the mica-

supported MoS2 monolayer (Figure 4.13a), suggesting a similar doping level, but its efficiency 

is more than one order of magnitude higher.  We find that, except providing doping to the 

monolayer, the other significant effect of the substrate is to shorten the exciton lifetime. Figure 

4.22 shows the measured exciton dynamics at the suspended and as-grown monolayers. We 

have confirmed no substantial heating effect in both suspended and supported monolayers by 

ensuring a linear dependence of the ΔR/R at the zero second delay on the pumping fluence 

(Figure 4.23). Upon photoexcitation, ΔR/R arises to its maximum value within ~500fs for all 

the monolayers (Figure 4.22), which is consistent with what previously reported12,39. However, 

the decay of the charge carriers in the suspended monolayers is obviously slower than that in 

the supported monolayers.  This dynamics process is more complicated than what previously 

reported12,40, involving exciton-exciton annihilations. We have performed thorough analysis 

236 234 232 230 228
Binding energy (eV)

C
o

u
n

ts
 (

a
.u

.)

transferred

on sapphire

 

166 165 164 163 162 161

3d3/2

 3d5/2 2p
1/2

2p
3/2a b

as grown

on sapphire 

as grown

on sapphire 

transferred

on sapphire

 
as grown

on mica 
as grown

on mica 



 

82 

on the exciton dynamics, the detail of which is given in a separate papr18. Our analysis indicate 

that the suspension may cause the exciton lifetime to increase by around 7 times ( from 110 ps 

to 760 ps) for monolayer WS2 and around 20 times ( from 50 ps to 1 ns)  for monolayer MoS2.  

We have also confirmed the exciton recombination in the supported MoS2 monolayers is 

dominated by a defect-assisted mechanism as evidenced by independence of the dynamics on 

pumping fluence and temperature (Figure 4.24), which is consistent with what previously 

reported40,41. The substantial larger exciton lifetime at the suspended monolayers indicates that 

the substrate may facilitate the defect-assisted non-radiative recombination.  
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Figure 4.22 Effect of the substrate on exciton dynamics. The transient differential reflection of 

measured from (a) suspended and as-grown MoS2 monolayers and (b) suspended and as-grown 

WS2 monolayers.  The inset of (a) is to illustrate the result around the zero-second decay, and 

the inset of (b) lists the radiative and non-radiative lifetimes of suspended WS2 (S-WS2), as-

grown WS2 (A-WS2) on sapphire substrates,  suspended MoS2 (S-MoS2),  and as-grown MoS2 

(A-WS2) on sapphire substrates . (c) The transient differential reflection collected from two 

different areas p1 and p2 on one single flake as indicated. The p1 is from the central area with 

low PL while the p2 from the edge area with high PL as indicated in the PL mapping. Inset: 

PL mapping and optical image of the flake in which the dashed square indicates where the 

mapping PL was collected from (scale bar, 10 μm). The PL spectra collected from the (d) as-

grown and (e) suspended flakes with different sizes (~50 μm and ~8 μm). The inset of (e) 

shows the optical image of the suspended flakes.  
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Figure 4.23 Transient reflection ΔR/R measured at the supported monolayer MoS2 on sapphire 

substrates at different temperatures, 75K, 150K, 220K, and 295K. The ΔR/R at the 0s delay 

exhibits a strong dependence on the temperature.  

 

 

Figure 4.24 Defect-assisted recombination in as-grown monolayer MoS2. Normalized transient 

reflection ΔR/R of the monolayer MoS2 measured (a) at different temperatures, 75K, 150K, 

220K, and 295K and (b) using different pumping fluences, 5 μJ/cm2, 12.5 μJ/cm2, and 25 

μJ/cm2.  The result indicates negligible dependence of the exciton dynamics on the temperature 

and pumping fluence, suggesting the dominance of defect-assisted recombination as reported 

previously. 

 

The effect of the substrate on the defect-assisted recombination is dependent on the crystalline 

quality of the monolayer, in particular, sulfur vacancies.  We observed the PL at the edge 
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stronger than the center area of as-grown WS2 monolayer (Figure 4.22c) and also the PL at 

smaller monolayer flakes much stronger than at bigger counterparts (Figure 4.22d), even 

though the doping levels are similar as indicated by identical PL wavelengths. The lower PL 

is often accompanied with a shorter exciton lifetime, indicating faster defect-assisted exciton 

recombination (Figure 4.22c). According to previous studies42,43, this PL nonuniformity can 

be correlated to different concentrations of sulfur vacancies as the center area or larger flakes 

may bear more sulfur vacancies due to the longer exposure to the high temperature growth 

environment. However, regardless the huge difference in the PL of as-grown monolayers, the 

PL efficiency and exciton dynamics of suspended monolayers always show to be similar with 

only minor variation (Figure 4.22e). This suggests that the defect-assisted non-radiative 

recombination in the supported monolayers depends on the interaction of the defects in the 

monolayer with the substrate. The defects might provide a channel for the substrate to affect 

the exciton dynamics. Our results suggest that the non-radiative recombination may be 

suppressed by decreasing the interactions, either removing the substrate or lowering the 

number of defects. The observed bigger increase in the exciton lifetime of monolayer MoS2 

than WS2 after being suspended (Figure 4.22a-b) may be ascribed to the higher crystalline 

quality of monolayer WS2, as it has generally been believed that monolayer WS2 may have 

less defects than monolayer MoS2.   

As the last note, we examine the effect of the dielectric environment created by the substrate 

on the PL of the monolayer. The dielectric environment may have effect on the local 

electromagnetic field due to the multiple reflection inside the monolayer as illustrated in Figure 

4.25a. This is evidenced by stronger Raman intensities of the suspended monolayers, ~ 4-5 

times stronger than that of the supported counterparts (Figure 4.25b-c).  The enhancement Qfield 
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of the local field at the suspended monolayer with respect to the supported counterpart can be 

derived from the Raman enhancement QRam as Qfield = (QRam)0.5, which is estimated to be 

around 2-2.2 based on the Raman measurement. This is consistent with our calculation using 

the refractive index we measured44 (Figure 4.26) and a well-established analytical model. 

(Figure 4.27)  The local field enhancement Qfield can lead to an increase in the radiative decay 

(or decrease in radiative lifetime) of the suspended monolayers.   

As illustrated in Figure 4.27, the local field at the monolayer is subject to the influence of 

optical interferences in the monolayer as well as the substrate.  The optical interference applies 

to both incident light and emitted light.  The enhancement for the amplitude of the local field 

at the monolayer for incident light and emitted light can be readily figured out using the well-

established transfer matrix for dielectric slab structures as 
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Where 01 0 0 12 / ( )t n n n  , 10 1 0 12 / ( )t n n n  , 01 0 1 0 1( ) / ( )r n n n n   , 

12 1 2 1 2( ) / ( )r n n n n   , 1 1 12 /d n   . 0n  is the refractive index of air, 1n  is refractive 

index of the monolayers, which can be found in references. 2n  is refractive index of substrates. 

In equation 4.3-4.4, the field in the monolayer is assumed to be uniform, which is reasonable 

given the atomically thin dimension of the monolayer. The observed Raman enhancement QRam 

essentially arises from the collective contribution of the enhancement in the incident light 

absorption Qabs and the enhancement of the emitted light Qrad as QRam = Qabs × Qrad. As the 

absorption and the radiation are linearly dependent on the intensity of local fiels, instead of the 
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amplitude, we can correlate the Qabs and Qrad the Eabs and Erad as Qabs = |(Eabs)sus/(Eabs)sup|
2 and 

Qrad = |(Erad)sus/(Erad)sup|
2. By using the refractive index we measured previously and those 

shown in Figure 4.26, the calculation indicates that by removing the substrate the radiative 

decay rate is expected to increase around 2 times for monolayer MoS2 and WS2 and the Raman 

enhancement is estimated to be 3.5. 

The dielectric environment may also affect the radiative lifetime by providing dielectric 

screening to change exciton binding energy.  Our previous analysis indicates suspending the 

monolayer may decrease the radiative lifetime by around 2.7-4 times (from 3.7 ns to 1 ns for 

WS2 and 80 ns to 30ns for MoS2)
18. Given the expected decrease of radiative lifetime (by 2-

2.2 times) due to the local field enhancement, the effect of the increase of exciton binding 

energy on the PL efficiency is estimated by a factor no more than 1.4-1.8.  

 

Figure 4.25 Effect of the substrate on radiative decay.  (a) Schematic illustration for the 

interference of radiated light in the monolayers without and with the presence of substrates. 

Raman spectra of (b) suspended and as-grown MoS2 monolayers and (c) suspended and as-

grown WS2 monolayers.  
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Figure 4.26 Measured refractive index of  monolayer WS2. (a) measured real and imaginary 

part of the refractive index of monolayer WS2. (b) measured and fitted transmission of as-

grown monolayer WS2 on sapphire substrates. The fitting results uses the refractive index 

given in (a) 

 

 

Figure 4.27 Schematic illustration for the optical interference in suspended (left) and supported 

(right) monolayers.  

 

4.5 Conclusion 

In conclusion, we demonstrate that substrates can significantly limit the PL efficiency of 

monolayer TMDC materials, mainly through doping the monolayer and facilitating defect-

assisted non-radiative exciton recombinations. The doping may be from substrate-borne 

moisture and the substrate, the former of which is much stronger than the latter for monolayer 

MoS2 and WS2 but typically negligible for monolayer WSe2. The doping effect can be 

substantially mitigated by using proper substrates, more specifically, p-doping substrates like 

mica for monolayer WS2 and MoS2 and n-doping substrates like h-BN and polystyrene for 

air
d

air
d

emitted lightIncident light Incident light emitted light

 monolayer monolayer
air

substrate



 

89 

monolayer WSe2. The defect-assisted recombination depends on the interaction between the 

defects such as sulfur vacancies in the monolayers and the substrate, and can be suppressed by 

either removing the substrates or lowering the number of defects. The result may provide very 

useful guidance for the rational design of high-performance 2D TMDC materials light 

emission devices. It indicates that organic materials or 2D materials may generally make good 

substrates for the device development with the monolayers, and that WSe2 may provide a better 

platform than MoS2 and WS2 due to its less sensitivity to water moisture.  Additionally, it 

indicates that a key strategy to improve the light emission efficiency is eliminating the defect-

substrate interaction by either decreasing the number of defects or removing the substrate.  
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Chapter 5: Layer-dependent Electrocatalysis of MoS2 Atomic Films for Hydrogen 

Evolution 

 

5.1 Abstract 

Quantitatively correlating the catalytic activity with microscopic structure of heterogeneous 

catalysts is one major challenge for the field of catalysis science. It requests synergistic 

capabilities to tailor the structure of catalysts with atomic scale precision and to control the 

reaction to proceed through well-defined pathways. Here we grow large-area and uniform 

MoS2 films with controlled layer numbers, and demonstrate that the catalytic activity of the 

film for the hydrogen evolution reaction decreases by a factor of ~4.47 for the addition of every 

one more layer. We find that this layer-dependent electrocatalysis is rooted in the hopping of 

electrons in the vertical direction of MoS2 layers over a potential barrier of 0.119V. These 

results point towards exploring atomically thin MoS2 structures as high-efficiency catalysts. 

5.2 Introduction 

Seeking high-efficiency, cost-effective catalysts for the massive production of hydrogen gas is 

critical for the utilization of hydrogen as a clean energy carrier. The existing catalysts of Pt-

group metals for the hydrogen evolution reaction (HER), which are highly efficient, are too 

expensive and rare to be useful for the massive production. Molybdenum disulfide (MoS2) 

promises an earth-abundant, low-cost alternative to the precious metals 1. Considerable efforts 

have been dedicated to investigating and optimizing the catalytic activities of various MoS2 

materials, including nanoparticles 2-4, nanopores 5, nanowires 6, amorphous and doped MoS2
 7-

9, thin films 10, MoS2/graphene heterostructures 11, and chemically exfoliated MoS2 layers 12-15. 

It was suggested that the edge site and metallic 1T polymorph of MoS2 materials are 
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catalytically active 2, 14-17. However, despite the remarkable progress, the rational design of 

MoS2 structures with optimal catalytic activities has remained elusive due to limited 

quantitative understanding on the correlation between the catalytic activity and microscopic 

structure of MoS2 materials. 

To quantitatively correlate the catalytic activity with microscopic structure requests 

capabilities to tailor the structure with atomic scale precision and to control the catalytic 

reaction to proceed in well-defined pathways. Most of the MoS2 materials studied to date 

involve a wide dispersion in size, morphology, surface, and crystalline structure, which makes 

it difficult to assess the role of a specific physical parameter in the catalytic performance. Here 

we elucidate a layer-dependent electrocatalysis of MoS2 atomic films for the HER by 

leveraging on a unique synthetic capability that we have recently developed 18. We can grow 

large-area, uniform, and high quality MoS2 atomic films with precisely controlled layer 

numbers, which provides an ideal platform for the studies of the structure-catalysis correlation. 

We find that the catalytic activity, indicated by exchange current density, of the MoS2 film 

decreases by a factor of 4.47 for the addition of every one more layer. We also demonstrate 

that this layer-dependent electrocatalysis is dictated by the hopping of electrons in the vertical 

direction of MoS2 layers over a potential barrier of 0.119V.  

5.3 Experimental Methods 

MoS2 thin films were synthesized in a tube furnace following a chemical vapor deposition 

process we have recently developed (chapter2). In a typical growth, 1-50 mg of molybdenum 

chloride (MoCl5) powder (99.99%, Sigma-Aldrich) was placed at the center of the furnace and 

1g of sulfur powder (Sigma-Aldrich) were placed at the upstream entry of the furnace. 

Receiving substrates (glassy carbon) were placed in the downstream of the tube. Typical 
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conditions for MoS2 thin film growth included a temperature of 850 °C, a flow rate of 50 sccm, 

and a pressure around 2 Torr. The precursors were subjected to evaporation at elevated 

temperatures. The vapor of the precursor materials reacted to produce gaseous MoS2 species, 

which could subsequently precipitate onto receiving substrates at downstream to yield MoS2 

films. The layer number of the synthetic MoS2 thin film can be controlled by control of the 

amount of MoCl5 precursor.  

The structure and composition of the synthesized films were characterized by tools including 

optical microscope, atomic force microscope (AFM), Raman spectroscope, and X-ray 

photoelectron spectroscope (XPS). AFM measurements were performed with a Veeco 

Dimension-3000 AFM. Raman spectra were collected on a Renishaw-1000 Raman 

spectroscopy with an excitation wavelength of 514.5 nm. XPS were performed on a SPECS 

System with PHOIBOS 150 Analyzer using an Mg Kα X-ray source.  

The electrochemical characterization of the MoS2 films were performed in 0.5 M H2SO4 using 

a CH Instrument electrochemical analyzer (Model CHI604D), a Pt-wire counter electrode, a 

saturated calomel reference electrode (SCE), and a glassy carbon (0.785 cm2) working 

electrode. Nitrogen gas was bubbled into the electrolyte throughout the experiment. While all 

the electrochemical characterization studies were performed using a saturated calomel 

reference electrode (SCE), the potential values mentioned in the electrochemical study are 

referred to a reversible hydrogen electrode (RHE). Calibration of the reference electrode for 

the reversible hydrogen potential was performed using a platinum (Pt) disk as working 

electrode and a  Pt wire as counter electrode in 0.5 M H2SO4. The electrolyte was purged with 

ultrahigh purity hydrogen (Airgas) during the measurement. The potential shift of the SCE is 

-0.262 V vs. RHE. The electrocatalysis was measured using linear sweeping from +0.2 V to -
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0.6V (vs. RHE) with a scan rate of 5 mV/S. The cycling voltamettry was performed in a range 

of +0.2 to -0.3 V  (vs. RHE) at a scan rate of 50 mV/s.  

The capacitance of the film was characterized using electrochemical impedance spectroscopy 

(EIS). The AC impedance is measured within the frequency range of 105 to 1 Hz with 

perturbation voltage amplitude of 5 mV. An equivalent Randles circuit model was fit to the 

data with ZSimpWin software to determine the system resistance and the capacitance.  

5.4 Experimental Results and Discussion 

We grew MoS2 thin films on glassy carbon substrates following a chemical vapor deposition 

(CVD) process that we previously reported 18. The layer number was controlled by control of 

the amount of precursors (MoCl5) used in the synthesis. The chemical composition of the film 

was confirmed as MoS2 by x-ray photoelectron spectroscopy (XPS) characterizations (Figure 

5.1). We can find that the synthesized films are continuous, uniform, and of high crystalline 

quality, similar to the films we previously grew on sapphire substrates 18.  Optical images show 

that the film uniformly covers the entire substrate (Figure 5.2A). Atomic force microscope 

(AFM) characterizations identify the monolayer, bilayer, and trilayer MoS2 films in thickness 

of 0.90 nm, 1.70 nm and 2.15 nm, respectively (Figure 5.2B and Figure 5.3).  The measured 

thickness is slightly larger than those of the MoS2 films grown on sapphire 18, which may be 

related with the relatively bigger surface roughness of the glassy carbon substrate (~ 1 nm) 

than sapphire. The layer number is confirmed by Raman meausrements. The frequency 

differences (Δk) of the two characteristic Raman modes (A1g and E1
2g modes), which are 

widely used to identify the layer number 19, of the monolayer, bilayer, and trilayer MoS2 films 

are found as 20.5, 22.4, and 23 cm-1, consistent with previous results 18-19. The AFM and Raman 

characterizations also confirm the large-area continuity and uniformity of the synthesized films. 
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No substantial voids, steps, and edges were found in the films by numerous AFM 

measurements. And the frequency difference Δk remains reasonably constant during extensive 

Raman characterizations across the film (Figure 5.4). Additionally, we can find that the 

crystalline quality of the synthesized films is reasonably high, as evidenced by the full width 

at half maximum (FWHM) of the E1
2g mode that is known related with crystalline quality 19. 

The E1
2g FWHM of these MoS2 films is comparable with the MoS2 films grown on sapphire 

that we previously demonstrated in high crystalline quality by electron microscope and 

electrical/optical characterizations (Figure 5.5) 18.   

 

Figure 5.1  XPS of the synthesized MoS2 films. Binding energies for (Left) the Mo atoms and 

(Right) the sulfur atoms. The XPS peaks are assigned as shown. 
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Figure 5.2 Structure characterizations of synthesized MoS2 films. (A) Optical image and (B) 

AFM image of a bilayer MoS2 film (monolayer and trilayer see Figure S1 and S3). A scratch 

is intentionally made in the film to show the contrast between the substrate and the film and to 

characterize the height of the film. The inset of (B) is a typical height profile of the film. (C) 

Raman spectra of the monolayer (1L), bilayer (2L), and trilayer (3L) MoS2 films. The dashed 

lines serve to visualize the layer-dependent Raman shift. The Raman modes of the peaks are 

given as shown. (D) The reciprocal of the measured capacitances of the films as a function of 

the layer number. Inset is a schematic illustration for the model of two capacitors in series. 

 

 

Figure 5.3 AFM characterizations. (A-C) Typical AFM images of the synthesized monolayer, 

bilayer, and trilayer films grown on glassy carbon substrates. The area occupied by the MoS2 

is labeled as shown. (D-F) Height profiles for the white dashed lines shown in (A-C), 

respectively.  
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Figure 5.4 Raman spectra collected from numerous locations of the MoS2 film. Eight of the 

collected Raman spectra for the monolayer and the bilayer are given as shown. The inset 

schematically shows the eight spectra collected from locations evenly distributing across the 

film.    The dashed lines serve to visualize the constant Raman peaks across the entire film. 
 

 

Figure 5.5 Raman spectra of the monolayer MoS2 films grown on the substrates  of glassy 

carbon (GC, blue ) and sapphire (red). The frequency difference between the two characteristic 

Raman modes of MoS2 is given. Also given is the full width at half magnitude (FWHM) of the 

E1
2g mode  (~ 385 cm-1) in the films.  
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The layer number of the film can also be confirmed by capacitance measurements. The 

reciprocal of the measured capacitance (1/C) of the film is found linearly dependent on the 

layer number (Figure 1D). This can be accounted by a model of two capacitors in series, the 

film with a capacitance of CF and the double-layer at the film/liquid interface with a 

capacitance of CF/L, 1/C = 1/CF +1/CF/L (Figure1D inset). CF is dependent on the thickness d 

and dielectric constant of the MoS2 film εr, CF = εrε0/d, ε0 is the vacuum permittivity. By linearly 

fitting the measured capacitance, we can find out the double-layer capacitance CF/L as 66.7 

μF/cm2, matching previous results 5. We can also find the capacitance of MoS2  monolayers CF 

as 10 μF/cm2.  This can derive the dielectric constant of MoS2 monolayers εr as 7.63, which is 

consistent with the result in references 20.   

 

Figure 5.6 Layer dependence of the catalytic activities of MoS2 films. (A) Polarization curves 

of the monolayer (red, 1L), bilayer (blue, 2L), and trilayer (orange, 3L) MoS2 films. The curve 

of bare glass carbon substrates is also given (black). (B) Tafel plots of the MoS2 films. The 

dashed lines indicate linear fitting for the slopes. (C) The exchange current density of the MoS2 

film as a function of the layer number. The current density is plotted in a logarithmic scale. 

The dashed line is a fitting of logy = -0.65x-5.35.  

 
We can find that the electrocatalysis of the MoS2 film strongly depends on the layer number. 

Figure 5.6A-B give the polarization curves and corresponding Tafel plots of the monolayer, 

bilayer, and trilayer films.  The polarization curve of bare glassy carbon electrodes is also given 

in Figure 5.6A, whose trivial current indicates that the glassy carbon is catalytically inactive 



 

101 

for the HER. Figure 5.6A shows the cathodic current of the film decreasing with the layer 

number increasing.    

The observed layer dependence can be found rooted in exchange current densities. By fitting 

the Tafel plots to the equation of η = ρlogj +logj0 (overpotential η, current density j, and 

exchange current density j0), we can find that all the films have a similar slope ρ in the range 

of 140 – 145 mV/decade, while the exchange current density j0 substantially decreases with the 

layer number increasing. We repeated the electrocatalytic characterization with numerous 

MoS2 films (>15 in total). The results reproducibly show a constant ρ in the range of 140-145 

mV/decade and a layer-dependent j0 (Figure 2C). Quantitatively, j0 decreases by a factor of ~ 

4.47 by the addition of every one more layer.  Note that the observed Tafel slope is larger than 

most of the previous results on MoS2 materials. This may be related with the higher 

temperature (850°C) used in the synthetic process. Other groups reported a slope of ~ 

120mV/decade in the MoS2 materials processed at a temperature of 300-500 °C 10, 14-15. It has 

been well known that a processing of MoS2 materials at a higher temperature can result in a 

higher slope 10, 14-16. We observed a similar Tafel slope (140 mV/decade) in other MoS2 

structures (i.e. triangular nanoplates) that were synthesized using a temperature comparable to 

what was used for the film (Figure 5.7). This confirms the high Tafel slope not related with the 

structure of the film that is of our major interest here. 
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Figure 5.7 Characterizations of MoS2 triangle plates grown on glassy carbon substrates. The 

triangle plates were grown with similar conditions as what were used for the growth of thin 

films.  The only difference lies in the pressure which was 760 Torr for the triangle plate but 2 

Torr for the thin film. (A) AFM image of a typical MoS2 triangle plate. The plate shows a 

pyramid shape full of edge sites, which indicates the growth is driven by screw dislocations. 

(B) A typical height profile of the plate shown in (A), which indicates the plate in lateral size 

of 8.5 μm and in height of 150 nm. (C-D) A typical polarization curve and corresponding Tafel 

plot of the triangle plates. Inset of (C) is a scanning electron microscope image of the plate. 

The Tafel slope is given as shown. 
 

2 µm 

10 µm 
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Figure 5.8 Improvement in the electrocatalysis of MoS2 films after the outmost layer stripped. 

(A) Polarization curves of a bilayer MoS2 film recorded at the different stages in the stripping 

process: 1, as-grown, 2. after cyclic voltammetry, and 3. after oxidation and dissolution. Inset, 

schematic illustration for the stripping process. (B) Tafel plots corresponding to the results in 

(A). The dashed lines indicate the linear fitting for the slope. Inset lists the capacitance (C, 

μF/cm2) and exchange current density (j0, 10-7 A/cm2) of the bilayer film at the different stages. 

(C) Raman spectra of the bilayer MoS2 film at the different stages. The dashed lines serve to 

visualize the change in the Raman spectra.  
 

The layer-dependent electrocatalysis is further confirmed by a substantial improvement in the 

catalytic activities of bilayer and trilayer films after a stripping process that can selectively 

strip off the outmost layer of the film (Figure 5.8 and Figure 5.9). The stripping process 

involves procedures of cyclic voltammetry (CV), natural oxidation, and dissolution. Briefly, 

we performed multiple (> 1000 times) CV with as-grown films in a potential range (+0.2 to -

0.3V) smaller than the range for the electrocatalysis measurement (+0.2 to -0.6V), exposed the 

CV-processed films to air for weeks (typically one month), and then immersed the films into 

electrolyte solutions. The outmost layer of the CV-processed film may be gradually oxidized 

into Mo6+ (for instance, MoO3) by the exposure to air, and the oxidized layer may dissolve in 

aqueous solutions to expose the layer underneath because MoO3 is weakly soluble in water. 

This is confirmed by our XPS characterizations through the process. The XPS characterization 

shows no oxidation in the film right after the CV processing, but substantial oxidation can be 
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found after the CV-processed film being exposed to air for one month (Figure 5.10). We 

believe that the CV processing does not oxidize the film but may somehow cause it easier to 

be oxidized by air. The XPS results also indicate that the ratio of Mo6+ and Mo4+ are around 

1:0, 1:1, and 1:2 in the monolayer, bilayer and trilayer films after the CV processing and air 

exposure (Figure 5.11). This suggests that the electrochemical reaction only occurs at the 

outmost layer, which subsequently limits the oxidation at the same layer. The oxide peak can 

be found absent from the XPS result after the oxidized film immersed into the electrolyte 

solution (Figure 5.10). 

 

Figure 5.9 Polarization curves of the MoS2 films in the stripping test. The polarization curves 

of the monolayer, bilayer, and trilayer MoS2 films were recorded at different stages of the 

stripping test.  The diagram to the right illustrates the different stages, 1. as-grown films, 2, 

after the cyclic voltammetry processing, and 3. After exposing the CV-process films to air for 

weeks.  
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Figure 5.10 XPS characterization of the MoS2 films through the stripping test. The composition 

of the MoS2 film was monitored at the different states through the stripping test. Both the 

binding energy of  (Left) the Mo atoms and (Middle) the sulfur atoms are given. The diagram 

to the right illustrates the different stages, 1. as-grown films, 2, after the cyclic voltammetry 

processing,  3. after exposing the CV-process films to air for weeks, and 4, after immersing the 

air-exposed films into electrolyte solutions.  
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Figure 5.11 XPS characterization of the oxidation in MoS2 films. The XPS characterizations 

were performed with the monolayer, bilayer, and trilayer MoS2 film after the CV processing 

and exposure to air for weeks. Both the binding energy of (Left) the Mo atoms and (Middle) 

the sulfur atoms are given. The XPS peaks are assigned as shown. Curve fitting was performed 

for the results of Mo atoms in order to find out the ratio of Mo6+ and Mo4+, which is 

demonstrated as 89.7:10.3, 51.73:48.27, and 33.91:66.09 for the monolayer, bilayer, and 

trilayer films, respectively. 

 

Figure 5.8A-B shows the polarization currents and corresponding Tafel plots of a bilayer film 

recorded through the stripping process (results for the other films see Figure 5.9). We can find 

that the current slightly decreases after the CV processing (curve 2 in Figure 5.8A) but turns 

to be stronger than the initial value after the stripping (curve 3 in Figure 5.8A). While the Tafel 

slope remains pretty much constant through the process, the exchange current density 

substantially increases from 1.6×10-7 to 5×10-7 A/cm2 at the end (Figure 5.8B). Capacitance 

and Raman measurements both confirm that the bilayer film indeed becomes a monolayer after 

the stripping, the capacitance changing from 5.08 to 11.1 μF/cm2 (Figure 5.8B inset) and the 

frequency Δk from 22.4 cm-1 (curve 1 in Figure 5.8C) to 20.5 cm-1 (curve 3 in Figure 5.8C). 
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The Raman measurement also indicates that no obvious structure changes in the film after the 

CV processing (curve 2 in Figure 5.8C). We can find similar increase in the catalytic activity 

of trilayer MoS2 films after the stripping process, but not monolayer MoS2 films (Figure 5.9). 

While previous studies show that the exchange current density of MoS2 materials linearly 

depends on the number of edge sites 16, we can reasonably exclude out different numbers of 

edge sites as the major reason for the observed layer dependence. Our structural 

characterizations indicate that the synthesized MoS2 films are continuous, uniform, and show 

reasonably high crystalline quality. No substantial steps, edges, or voids can be found at the 

films.  It is safe to conclude that there is no substantial amount of edge sites in our synthesized 

films and the observed layer dependence is related with the MoS2 atoms in basal planes. We 

can also reasonably exclude out differences in the composition (i.e. stoichiometry) and 

crystalline structure (i.e. defects) of these MoS2 films because all of them were grown under 

very comparable conditions.  

 

Figure 5.12 Schematic illustration for the hopping of electrons during the catalytic reaction at 

multilayer MoS2 films.  The right side illustrates the potential distribution in the multilayer 

film and the hopping of electrons through the potential barrier in the interlayer gap.  

 

We find that the layer-dependent exchange current density can be correlated to the hopping of 

electrons in the vertical direction of MoS2 layers. We have demonstrated that the 
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electrochemical reaction only occurs at the outmost layer of the film. Electrons have to transfer 

from the glassy carbon electrode to the outmost layer in order to drive the HER (Figure 5.12). 

It is known that the electron transfer in the direction perpendicular to the basal plane of MoS2 

materials is through hopping 19, because potential barriers exist in the interlayer gap. We can 

build up a quantum-tunneling model for the hopping process (Figure 5.12). The hopping 

efficiency is dictated by the interlayer distance L and the potential barrier Vo as T = e-2kL, and 

k = (2meVo)
1/2/ħ, where me is the effective mass of electrons and ħ is the Planck’s constant. Our 

results, the exchange current density decreasing by a factor of 4.47 for the addition of every 

one more layer, suggest T = e-2kL =1/4.47 for MoS2 films. By substituting the values of L (0.62 

nm) and me (0.48mo, mo =9.11×10-31 kg) in MoS2 atomic films 22, we can get Vo = 0.119 volt.  

This value is in excellent consistence with a recent theoretical calculation, which predicts that 

the hopping potential in the vertical direction of MoS2 layers is 0.123 volt 23. The nice 

consistence indicates a dominant role of the electron hopping in the layer-dependent 

electrocatalysis of MoS2 films. 

5.5 Conclusion 

We quantitatively demonstrate that the interlayer hopping of electrons dictates a layer-

dependent electrocatalysis of MoS2 materials. This suggests that increasing the hopping 

efficiency of electrons is a key for the rational design of MoS2 materials with optimal catalytic 

activities. Atomically thin MoS2 materials promise high catalytic performance due to its atomic 

scale distance that electrons need hop to drive the reaction. The efficiency of hopping is 

reportedly determined by the interlayer coupling of electron orbitals 23. Therefore, strategies 

that can increase the interlayer coupling, such as intercalation of metal ions or atoms, are 
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expected able to further enhance the electrocatalytic performance of atomically-thin MoS2 

materials.  
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