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ABSTRACT 

Synthesis, Characterization and Application of Novel Two-Dimensional 

Materials in Electronics and Photonics 

by 

Gang Shi 

Graphene is a two dimensional (2D) monolayer sheet with honeycomb-like 

arrangement of carbon atoms. Its peculiar electronic properties and 2D atomic 

structure make graphene promising candidate for next generation electronics. The 

intrinsic graphene devices can display anomalous quantum Hall effects, massless 

Dirac fermions phenomenon, and very weak quantum-interference magneto 

resistance at low temperature, etc. Investigations have also indicated that electronic 

properties of graphene depend on its size, geometry, and edge structure. For 

example, zigzag edged graphene nanoribbons can carry a spin current, which makes 

them potential application for nanosized spintronics devices. Depending on their 

width, armchair edged graphene nanoribbons could be either metallic conductors or 

semiconductors. In addition, some unique magnetic properties have also been 

predicted based on triangular or hexagonal shaped nanosized graphene pieces. 

However, experimental control of graphene pieces with desired size, geometry, and 

edge structure is still a challenging task.  

Recently, Monolayer transition metal dichalcogenides (TMDs) such as MoS2 

have also attracted tremendous interest due to their narrow band gap (ranging from 



 
 

1.1 for MoTe2 to 2.0 eV for WS2), indirect to direct band gap transition, efficient 

hydrogen evolution when used as catalysts, etc., enabling a wide range of 

applications from electronics and optoelectronics to energy conversion. Among 

more than 40 types of compounds in the TMD family, MoS2 is arguably the most 

extensively studied due to its promising semiconducting properties. Studies indicate 

that the less well-studied selenides may however be superior to sulfides in many 

aspects owing to a narrower band gap (1.5 eV in MoSe2 vs 1.9 eV in MoS2), a 10-fold 

narrower line width, and tunable excitonic charging effects. While progress in 

synthetic methodologies allows for monolayer and single-crystal growth of MoS2 

with lateral dimensions reaching hundreds of micrometers, there remain significant 

challenges related to controlled, reproducible, and large area growth of the sulfides 

or selenides. 

In this thesis, I seek to study 2D atomic sheets of B-C-N and TMDs system, 

their synthesis, properties and potential applications. On one hand, experimental 

study of these 2D atomic sheets of can reveal more knowledge of fundamental 

physics. On the other hand, these new classes of 2D crystals have potential 

engineering applications in next generation of electronics. For the material 

synthesis section, I proposed and demonstrated two different approaches for h-BN: 

the direct Chemical Vapor Deposition method, and the Topological Conversion 

method. The quality of the BN/BNC is beyond the best results of chemical 

synthesizing methods ever reported. For TMD system, I also proposed and 

demonstrated the same two approaches, but with very different processing 

specifics. Furthermore, based on the novel and abundant source of good materials, I 



 
 

demonstrated many different electronic devices including transistors, resonators, 

capacitors, phonodetectors, sensors, etc. Most of which has surpassed its silicon-

based counterparts, and hinted an extremely exciting revolution of the ultra-thin 

devices.  
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Chapter 1 

Introduction 

1.1. Background of Two-Dimensional Materials 

Graphene is a two dimensional (2D) monolayer sheet with honeycomb-like 

arrangement of carbon atoms. Its peculiar electronic properties and 2D atomic 

structure make graphene promising candidate for next generation electronics. The 

intrinsic graphene devices can display anomalous quantum Hall effects, massless 

Dirac fermions phenomenon, and very weak quantum-interference magneto 

resistance at low temperature, etc. Investigations have also indicated that electronic 

properties of graphene depend on its size, geometry, and edge structure. For 

example, zigzag edged graphene nanoribbons can carry a spin current, which makes 

them potential application for nanosized spintronics devices. However, depending 

on their width, armchair edged graphene nanoribbons could be either metallic 

conductors or semiconductors. In addition, some unique magnetic properties have 
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also been predicted based on triangular or hexagonal shaped nanosized graphene 

pieces. However, experimental control of graphene pieces with desired size, 

geometry, and edge structure is still a challenging task. Our group took a step 

forward in overcoming this challenge with catalytic nanocutting of graphene. It is 

well known that the intrinsic 2D graphene can be an excellent interconnect material 

thanks to its high capability to carry huge current. However on measuring, graphene 

field-effect-transistors (FET) showed a low on/off ratio due to its zero band gap, 

which limited their performance. A new approach is needed to develop high 

performance graphene device, for example, improving semiconducting properties of 

graphene. The most feasible method to control the semiconducting properties of 

graphene is doping, which is a process intentionally used to tailor the electrical 

properties of intrinsic semiconductors, such as Si doping with P, B, Al etc. Boron (B) 

and Nitrogen (N) are often considered as dopant elements for graphite due to the 

similar atomic radii and their easy substitution with carbon atoms into graphitic 

network. Processes of B and N doping carbon nanotubes have been also investigated 

recently and summarized in a review article. There are some theoretical studies on 

graphene doping, showing the possibility of making p-type and n-type 

semiconducting graphene by substituting carbon atoms with B and N atoms, 

respectively. The dopant atoms can modify the electronic band structure of 

graphene, and open an energy gap between valence and conduction bands. 

Before its separation from graphite, theoretical investigations predicted that 

a true 2D atomic layer is thermodynamically unstable and its natural existence was 
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impossible. After its experimental realization, people have revealed rich physical 

properties of graphene, and started to explore more 2D materials. Of them, 2D 

Hexagonal boron nitride (h-BN) is becoming another interesting spot in this area. h-

BN is a layered material similar to graphite structurally and in some properties. 

However, graphite and h-BN have very different electronic structures. Graphite is a 

semi-metal with zero-bandgap, and high quality h-BN is a material with a wide-

band-gap of up to 5.9 eV. One of the most important applications of h-BN is as a deep 

ultraviolet (DUV) light emitter. Physical properties of bulk h-BN and atomic layer h-

BN on metal substrates have been revealed. Apparently, Atomic h-BN sheet can be a 

single-layer dielectric, which could be used in electronic devices combined with 

graphene device. In addition, they could have more interesting DUV light emission 

properties.  

 

 

1.2. Carbon, Boron and Nitrogen System (Graphene, BNC, BN) 

More interestingly, B, C and N can substitute with each other and form 

various semiconducting hexagonal layered structures. Starting with graphene, B 

substitution can form p-type graphene, and N doping form n-type graphene. It is 

also possible to form C-B and C-N binary chemical compound with certain 

stoichiometry, such as BC3, B2C, and CN3, etc. All these stoichiometries have specific 

electronic structure and properties. B and N complete co-substitution with C can 



 
4 
 
form BN hexagonal net, and their partial co-substitution will form semiconducting 

BCN hybrid structure.  

Up to now, most of researchers have mainly focused on intrinsic graphene, 

and other 2D materials such as B & N doped graphene, atomic sheets of BN and B-C-

N hybrid are still fresh topics. In this thesis, I seek to study 2D atomic sheets of B-C-

N system, their synthesis, properties and potential applications. On one hand, 

experimental study of these 2D atomic sheets of B-C-N complexes can reveal more 

knowledge of fundamental physics. On the other hand, these new classes of 2D 

crystals have potential engineering applications in next generation of electronics. 

Particularly the recent realization of large-wafer CVD synthesis of high-quality 

graphene, it is becoming more promising for graphene materials to replace Si in the 

modern electronic industry. In this regard, this study will be very significant to 

promote their commercial applications. 

1.3. TMD System (MoS2, MoSe2, WS2, WSe2) 

Graphene has shown many fascinating and unprecedented properties, which 

has attracted great efforts in the synthesis and development graphene-based 

devices. However, graphene’s metallic bandgap greatly limited its applications in 

electronics and optics. Recently, two different groups of materials—transition metal 

oxides and sulphides—have shown promising potentials in fixing this issue. One of 

the most promising candidates is transition metal dichalcogenides (TMDs). 
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Monolayer transition metal dichalcogenides (TMDs) such as MoS2 have 

recently attracted tremendous interest due to their narrow band gap (ranging from 

1.1 for MoTe2 to 2.0 eV for WS2), indirect to direct band gap transition, efficient 

hydrogen evolution when used as catalysts, etc., enabling a wide range of 

applications from electronics and optoelectronics to energy conversion. Among the 

more than 40 types of compounds in the TMD family, MoS2 is arguably the most 

extensively studied due to its promising semiconducting properties. Studies indicate 

that the less well-studied selenides may however be superior to sulfides in many 

aspects owing to a narrower band gap (1.5 eV in MoSe2 vs 1.9 eV in MoS2), a 10-fold 

narrower line width, and tunable excitonic charging effects. While progress in 

synthetic methodologies allows for monolayer and single-crystal growth of MoS2 

with lateral dimensions reaching hundreds of micrometers, there remain significant 

challenges related to controlled, reproducible, and large area growth of the 

selenides. 

Another promising candidate in this TMD family, Monolayer molybdenum 

diselenide (MoSe2), is in fact a “three-layer” structure consisting of top and bottom 

Se layers sandwiching Mo layers. In multilayer arrangements, layers are stacked 

together with weak van der Waals interactions between Se atoms; in this “bulk” 

form, MoSe2 has been used as a host for intercalation, lubricants, catalysts, and 

electrodes. Akin to MoS2 and WSe2, the band structure of MoSe2 varies with the 

number of layers. Decreasing thickness changes the band structure of MoSe2 from 

indirect (as in a bulk crystal) to direct (as in a monolayer); meanwhile, the band gap 
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increases from 1.1 to 1.5 eV. Such tunable properties of MoSe2 render it an ideal 

material for various electrical and optical applications. Recently, back-gated field 

effect transistors were fabricated on ultrathin MoSe2 films, achieving an on/off ratio 

as high as 106 and an intrinsic mobility up to ∼50 cm2 V–1 s–1 at room temperature, 

which was shown to increase nearly 4-fold at 78 K. Given such properties, 

monolayer to few-layers MoSe2 appears to be a tremendous candidate for 

applications in electrical and optical devices. 

However, synthesis of good quality, large-scale MoSe2 remains a challenge, 

with very few methods reported. Several chemical approaches produce MoSe2 

nanocrystals, such as the sonochemical reaction between Mo(CO)6 and Se at 0 °C 

and the solvothermal conversion of MoO3 to MoSe2. Much like graphene and other 

2d materials, exfoliation of bulk MoSe2, with or without sonication, can be used to 

produce monolayers for fundamental studies. Large size MoSe2 single crystals were 

recently synthesized by chemical vapor transport with TeCl4 by Bougouma et al. 

Nevertheless, these syntheses are restricted to either “bulk” material (nanocrystals) 

or few layers with limited size and quality. 

Beyond exfoliation, chemical vapor deposition (CVD) has been demonstrated 

to be a successful approach to synthesize various 2D materials, such as graphene, h-

BN, MoS2, WS2, and WSe2. Here, we extend this approach and report the synthesis of 

monolayer MoSe2 by a CVD method under atmospheric pressure. In this thesis, I 

develop a CVD-based procedure for the large-area synthesis of highly crystalline 

MoS2 atomic layers by vapor-phase MoO3 sulfurization. Furthermore, I evaluate the 



 
7 
 
growth process, grain morphology, and grain boundary structure of the 

polycrystalline MoS2 atomic layers and characterize their corresponding electrical 

performance. In this regard, this part of the research will be a good supplementary 

for the graphene-based main stream. 
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Chapter 2 

Synthesis and Characterization 

2.1. Chemical Vapor Deposition Synthesis of BN 

Graphene/h-BN hybrid structures can exist in various configurations, one of 

which is a vertically stacked graphene and h-BN heterostructure superlattice. I 

demonstrated that such heterostructure can be grown using a two-step chemical 

vapor deposition (CVD) method in which h-BN is grown on graphene. An alternative 

configuration of these hybrid structures is an in-plane graphene/h-BN atomic layer 

in which the two materials are seamlessly integrated into a lateral heterostructure. 

In-plane graphene/h-BN heterostructure with randomly distributed domains can be 

synthesized with CVD using a mixed carbon (CH4) and h-BN (ammonia borane) 

source. However, the fabrication of novel electronic devices will require the size and 

shape of the different domains to be engineered precisely. 

Figure 1a presents a schematic illustration of the steps in the fabrication of 

planar graphene/h-BN structure landscapes with controlled domain shapes at 

larger sizes (millimeter range). The h-BN films were synthesized using the CVD 

method with ammonia borane (NH3-BH3) powder as the precursor and 
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copper/nickel foils as the substrates. The as-prepared h-BN was partially etched 

with exposed regions defined by laser-cut masks. Few-layer graphene was grown on 

the etched regions at 1,000 °C using CH4 (4 s.c.c.m.) as the carbon source and Ar/H2 

as carrier gas. Figure 1b shows a photo of an as-prepared graphene/h-BN sample on 

a copper foil. The various patterns (comb, bars and rings) with darker contrast are 

graphene, and the remaining areas are covered by h-BN. Figure 1c shows a 

graphene/h-BN comb structure floating in deionized (DI) water after coating with 

poly(methyl methacrylate) (PMMA) as a supporting layer and etching away the 

copper substrate using 10% HNO3. A scanning electron microscopy (SEM) image of 

a graphene ring structure surrounded by h-BN regions is shown in Figure 1d, where 

the light regions are graphene and the dark regions correspond to h-BN. With h-BN 

as the supporting matrix, the as-prepared graphene/h-BN devices can be 

transferred to any arbitrary substrate, including silica (Figure 1e) or 

polydimethylsiloxane (PDMS) (Figure 1f), and the whole film containing 

heterostructure domains remains mechanically intact during transfer from the 

growth substrate. 
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Figure 1 Illustration of the fabrication procedure for in-plane graphene/h-BN 

heterostructures. Steps: preparation of h-BN films using the CVD method; 

partial etching of h-BN by argon ions to give predesigned patterns; subsequent 

CVD growth of graphene on the etched regions. b, Optical image of the as-

grown graphene/h-BN patterned layers (shaped as combs, bars and rings) on 

a copper foil. Light areas are h-BN and dark areas are graphene. c, Optical 

image of a graphene/h-BN film separated from copper, on water, after coating 

with PMMA and etching the copper foil. d, SEM image showing an h-BN ring 

surrounded by graphene. e,f, Graphene/h-BN owl patterns that have been 

transferred on silica and PDMS, respectively. Insets: optical images of 

individual owls.  
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To fabricate the graphene/h-BN patterns with smaller feature sizes, I used 

photolithography to produce masks in various patterns for subsequent argon ion 

etching, as shown in Figure 2. Figure 2a,d presents SEM images of a sketch of an owl 

(the symbol of Rice University) and an array of circles, made from graphene in plane 

with h-BN. Heterostructure with other patterns have also been fabricated. The 

darker regions in these SEM images are h-BN layers. Figure 2b, e presents the 

corresponding optical images, in which graphene is in purple and h-BN in light blue. 

The thickness of the h-BN layer is controlled by the growth conditions to be less 

than 2 nm, and similarly for the graphene layers. Fracture was rarely observed at 

the interface between the graphene and h-BN, even after transferring the 

graphene/h-BN films to other substrates, demonstrating good interfacial continuity 

between the different landscapes. Figure 2c, f shows Raman maps of the 

corresponding patterns using the graphene 2D Raman peak at ~2,700 cm−1. Figure 

2g, h presents SEM images of alternating stripes of graphene/h-BN (width of each 

line, ~10 µm). Photolithography and argon ion etching can produce a feature size on 

the graphene/h-BN landscape as small as a few micrometers, whereas the focused 

ion beam (FIB) method provides an alternative direct etching method for the 

creation of nanoscale patterns, feasibly generating line features as small as ~100 nm 

(Figure 2i). 



 
12 
 

 

Figure 2 a–c, SEM image, optical image and Raman mapping of micrometre-

sized owl pattern (symbol of Rice University). Scale bars, 100 µm. The owl 

contour is designed in h-BN, and the remainder is graphene. Raman mapping 

is performed with the 2D peak of graphene at ~2,700 cm−1. d–f, SEM image, 

optical image and Raman mapping of a graphene/h-BN array of circles, with 

graphene circles embedded in an h-BN matrix. Scale bars, 50 µm (d), 50 µm (e) 

and 10 µm (f). g,h, SEM images of graphene/h-BN stripes. Scale bars, 50 µm (g) 

and 10 µm (h). i, SEM image of graphene/h-BN strip structure with graded 

strip dimensions, fabricated by FIB etching of h-BN and subsequent graphene 
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growth. The widths of each strip, from top to bottom, are 1 µm, 500 nm, 

200 nm and 100 nm, respectively. Scale bar, 1 µm. 
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2.2. Topological Conversion of graphene to BN and BNC 

In addition to the efforts on the synthesizing of BN directly, I also discovered 

a topological substitution reaction that converts graphene to h-BNC and h-BN layers, 

which allows a full control of composition, spatial variation and dimension of the 

G/h-BNC/h-BN interfaces and domains. It has been demonstrated a good control of 

h-BN concentration from 0 to 100% and an excellent compatibility of lithography 

technologies for lateral heterostructure consisting of well-designed graphene, h-

BNC and h-BN patterning. Furthermore, this new approach is the very first 

demonstration of tuning the conductivity, bandgap and ON/OFF ratio of a ternary h-

BNC 2D layer through a controllable transition from highly conductive graphene to 

semiconducting h-BNC and finally, to insulating h-BN.  

To convert graphene to h-BN, solid boric acid powders are preloaded to the 

heating zone inside a quartz vacuum tube supplied with a flow of mixed ammonia 

and argon gas. Complete-conversion from graphene to h-BN typically requires two 

hours at 1000 °C. During the conversion, boron and nitrogen atoms gradually 

replace carbon atoms in the lattice until a highly conducting graphene film is 

completely converted into insulating h-BN atomic layers. If the conversion reaction 

is stopped in less than two hours, partially converted h-BNC with variable BN 

concentration is obtained. The intermediate state in which B, C and N atoms co-exist 

in the lattice exhibits the typical semiconducting properties of h-BNC films. 
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For the pristine graphene, converted h-BNC, and fully converted h-BN films 

shown in Figure 3a-c, the carbon concentrations are 100%, 65% and 0%, 

respectively. The change in composition is directly reflected in the color of the 

samples, changing from light purple to light blue in the optical micrographs. The 

three structures have distinct Raman signatures (Figure 3d). The high quality of the 

single-layered CVD graphene is confirmed by the peak positions of the G and 2D 

bands (1580 cm-1 and 2700 cm-1), the near absence of D band, the ratio of 2D/G 

intensity (>4.0) and the STEM characterizations (Figure 4b). For the intermediate 

state h-BNC film, D mode (~1350 cm-1) from graphene and E2g mode (~1370 cm-1) 

from h-BN contribute to a peak at 1363cm-1 (Figure 3e). A shoulder of the G peak at 

1610 cm-1 is also observed. For fully converted h-BN films, only the E2g peak is 

detected at ~ 1370 cm-1 and no 2D or G peaks are observed, demonstrating nearly 

complete substitution of carbon atoms. The full width at half maximum (FWHM) of 

the E2g peak in the h-BN is ~12 cm-1, suggesting that the overall quality of the 

converted h-BN films is better than that of films made by direct CVD-growth on 

copper foils (~16 cm-1), and is comparable to that of mechanically exfoliated h-BN 

films (10 ~ 12 cm-1). X-ray photoelectron spectroscopy (XPS) was employed for 

chemical analysis of the pristine graphene template and the converted h-BNC and h-

BN as illustrated in Figure 3f-h. The calculated C, B and N atomic ratios for the three 

benchmarks are 100:0:0, 65:17:18 and 0:50:50, respectively. As the intensity of 

carbon peaked at 284 eV falls with lower carbon concentrations, the intensities of B 

(peaked at 190 eV) and N (peaked at 398 eV) rise. 
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Figure 3 Phase and composition characterization. (a) – (c) Optical images of 

graphene, h-BNC and h-BN, respectively. The color of pristine graphene is light 

purple. B and N substitutions will change the color from purples to blue for the 

fully-converted h-BN. Scale bar for (a), (b) and (c) is 50 μm, 20 μm and 20 μm, 

respectively. (d) and (e) Raman spectra of graphene, h-BNC and converted h-

BN samples. There is no D peak in pristine graphene (blue). The h-BNC layers 

have D, G and 2D peaks, which contain signals from both graphene (D mode, 

~1350cm-1) and h-BN (E2g mode, ~1370cm-1). The 2D and G peaks disappear in 

the fully converted h-BN. The peak at ~1370 cm-1 corresponds to the E2g 

vibration model of h-BN. (f) – (h) The 1s core level XPS spectra of carbon, 

boron and nitrogen, respectively. The black, red, and blue lines are associated 

with graphene, h-BNC and h-BN, respectively.  
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The quality of pristine graphene and fully-converted h-BN films are further 

characterized by aberration-corrected scanning transmission electron microscopy 

(STEM) annular dark field (ADF) imaging and spectroscopy analysis. Schematic of 

graphene and full-converted h-BN are shown in Figure 4a, while Figure 4b and e 

present the atomic resolution STEM-ADF images of both samples. The darker area in 

the center in Figure 4e corresponds to single-layered h-BN, with the bottom layer of 

the double-layered converted h-BN partially peeled off by the electron beam, 

showing the clear presence of nitrogen atom (brighter one) and boron atoms 

(darker one) as marked with white circles in the inset. This is further demonstrated 

by image intensity profile (insert in Figure 4f) of the atoms across the yellow dashed 

line, which shows signal corresponding to the superposition of boron and nitrogen 

atoms in the double layer area and signal from single nitrogen and boron atoms in 

the single layer area (dark region). Electron energy loss spectra (EELS) acquired 

from the regions shown in Figure 4b and e further confirm that the graphene film 

was fully converted to h-BN (Figure 4c and f). Most of the converted h-BN films were 

found to be single-layer or bi-layer by examining their edges, which is consistent 

with the atomic force microscopy (AFM) results. I noticed that, under low BN 

concentration, the h-BNC film looks uniform under optical and electron 

microscopes. Increasing the reaction time and BN concentration will lead to the 

formation of h-BN nanodomains. The nanodomains in converted h-BNC are 

observed by the STEM-ADF imaging and elemental mapping. At even higher BN 

concentration, the h-BN domains grow larger. Some of them merge into micro-scale 

h-BN islands, as identified by the Raman spectra. I attribute this tendency to the 
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lower interfacial energy induced by larger BN islands, whose interface lengths can 

be shorter than that of the separated BN domains, as will be discussed later. 

  



 
19 
 

 

Figure 4 Microstructure characterization of graphene and converted h-BN. (a) 

and (d) Schematic of graphene and h-BN. The carbon, nitrogen and boron 

atoms are in grey, blue and green, respectively. (b) An atomic resolution 

(Scanning transmission electron microscopy- annular dark field) STEM-ADF 

image of the graphene sample before conversion. (c) A corresponding EEL 

(electron energy loss) spectrum of graphene. (e) Atomic resolution STEM-ADF 

image of highly crystallized double layer h-BN converted from graphene. The 

darker area in the center corresponds to single-layered h-BN, showing the 

presence of single nitrogen atom (brighter one) and boron atom (darker one); 

this is further verified by intensity profile (insert in Fig. 2f) of the atoms 

across the yellow dashed line shown in (e). (f) A corresponding EEL spectra of 

the converted h-BN. The scale bar for both (b) and (e) is 0.5 nm. 
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By controlling growth conditions, I deliberately prepared single-layer 

graphene as well as multi-layer h-BN thin films for device fabrication. Figure 5a is an 

optical image of a graphene thin film on a silica substrate while its AFM image and 

Raman spectrum are shown in Figure 5g and m, respectively. The height-profile 

acquired by AFM demonstrate that this is a single-layer graphene sample. The 

single-layer property is further verified by the typical signatures of a 2D/G peak 

integral intensity ratio of around 5 and a 2D peak width (FWHM) of 29.0 ± 0.8 cm-1. 

Figure 5 b to f are optical images of five different h-BN thin films on silica. The color 

variation from green to light purple implies a change in the number of atomic layers 

from one film to another. A further verification of the actual thicknesses by AFM is 

shown in Figure 5h to l. The heights read from AFM data for the five different h-BN 

thin films are 14.5 nm, 5.9 nm, 2.8 nm, 1.5 nm and 0.8 nm, respectively, which can be 

reasonably considered as a bulk material, a thin film with 16 atomic layers, 8 layers, 

4 layers, and 2 layers, respectively. These numbers are further confirmed by the 

unique Raman spectra of these films shown in Figure 5n. A filtered HRTEM image of 

the bi-layer h-BN film is shown in Figure 5o, which clearly exhibits the distinctive 

hexagonal atomic structures with a decent degree of crystallization. 
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Figure 5 Optical images, AFM, Raman spectra and TEM of graphene and h-BN 

thin films.  (a) Optical images of graphene films on SiO2 substrates with 

different thicknesses. (b)-(f) Optical images of h-BN thin films with different 

thicknesses. (g)-(l) AFM height profile of (a)-(f). (m) and (n) Raman spectra of 

graphene and h-BN films. (o) Filtered HRTEM images of h-BN. 
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2.3. Chemical Vapor Deposition of MoS2 and MoSe2 

The idea of chemical vapor deposition of TMDS systems are inherited from 

our pioneering understanding of that in the synthesis of h-BN. Despite the chemical 

difference, I successfully demonstrated both directly and conversional approaches. 

To understand the growth process of MoS2, the source supply was controlled by 

dispersing MoO3 nanoribbons with varied concentrations on a substrate, away from 

the designated growth region, while all other parameters were kept constant. The 

experiments show that the synthesis of MoS2 was limited by the diffusion of vapour-

phase MoO3−x: decreasing the density of dispersed nanoribbons systematically slows 

or stops the growth at certain points, providing a means to explore the growth 

process. Several stages were observed during the MoS2 atomic layer growth. 

Initially, small triangular domains were nucleated at random locations on the bare 

substrate (Figure 6a). Then, the nucleation sites continued to grow and formed 

boundaries when two or more domains met (Figure 6b, c), resulting in a partially 

continuous film. This process can eventually extend into large-area single-layered 

MoS2 continuous films if sufficient precursor supply and denser nucleation sites are 

provided (Figure 6d). Furthermore, I determined sulfur concentration and chamber 

pressure as two key parameters that control the prospects of the material growth. 

These observations show that, in contrast to graphene, which nucleates abundantly 

on copper substrates without any treatment, the limiting factor in the growth of 

large-area, highly crystalline MoS2 films is the rare and complicated nucleation 

process of this material on bare SiO2 substrates. These observations are also in 
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agreement with previous studies on CVD-grown MoS2 and elucidate the importance 

of efficient control of nucleation, essential to the large-area growth of the MoS2 

atomic layers. 
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Figure 6 a–d, SEM images showing the growth process of MoS2 from small 

triangles to continuous films. e, Optical image of a large-area continuous film 

synthesized on substrates with rectangular shaped patterns. The patterns are 

distinguishable by their bright blue colour and the areas between them are 

completely covered by continuous MoS2 layers. f, The close-up optical image of 

the as-synthesized MoS2 film on the patterned substrate, demonstrating that 

the method described typically results in single- and bilayered films between 

the pillars and thicker samples on the pillars; these patterns act as nucleation 

promoters. g, Raman spectra acquired from different regions highlighted in f, 

where the numbers presented refers to the difference (Δ) between the out-of-

plane (A1g) and in-plane (E12g) Raman peaks appearing in the ~380–410 cm−1 

range, showing the thickness and its small variability in the sample. h, Large-

area, approximately 1 × 1 cm2 film transferred to a new substrate from a 

patterned substrate using conventional polymer-base transfer techniques. 
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A representative atomic force microscopy (AFM) image of a MoS2 domain is 

shown in Figure 7a. The thickness of these triangles is approximately 0.7 nm, 

corresponding to one MoS2 atomic layer, with high level of uniformity in thickness, 

as also confirmed by Raman spectroscopy. The chemical composition of the sample 

was confirmed by X-ray photoelectron spectroscopy (XPS) and electron energy loss 

spectroscopy analysis. The equilateral geometry of the triangles with perfect 60° 

angles suggests the single-crystalline nature of these nanostructures, with edges 

parallel to a specific lattice orientation (Figure 7a). Transmission electron 

microscopy (TEM) and aberration-corrected scanning transmission electron 

microscopy (STEM) were then applied to examine the crystal structure of MoS2 

triangles and atomic layers. The selected area electron diffraction (SAED) pattern 

from a typical MoS2 triangle (Figure 7b) presents only one set of six-fold symmetry 

diffraction spots, confirming their single-crystallinity with hexagonal structure. The 

atomic structure of the single-layer triangle is shown by the STEM annular dark field 

(ADF) image in Figure 7c, where the alternating brighter and dimmer atomic 

positions in the hexagonal rings correspond to Mo and S2, respectively. Quantitative 

analysis of the STEM-ADF image intensity confirms that the sample is single-layer 

MoS2 with two S atoms at each S2 site. Moreover, a uniform and almost defect-free 

structure was observed across the entire single-crystal domain. Nevertheless, 

through the formation of grain boundaries when these single-crystalline domains 

merge, polycrystalline films of MoS2 form. It is known that the grain boundaries in 

polycrystalline two-dimensional materials degrade their physical properties and, to 

overcome these problems, large grain sizes are desirable. Therefore, 



 
26 
 
characterization of crystallinity in the large-area MoS2 films is necessary to assess 

the quality of the material. 
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Figure 7 AFM image from a MoS2 triangular flake. Nucleation sites at the 

centre of the MoS2 triangle are also visible. Inset: line scan demonstrating the 

thickness of a single layered MoS2. b, Bright-field TEM image of the MoS2 

triangular flakes. Inset: the SAED pattern acquired from this triangle 

demonstrates it is a single crystal with hexagonal structure. c, STEM-ADF 

image representing the defect-free hexagonal structure of the triangular MoS2 

flake. The brighter atoms are Mo and lighter ones are S2 columns. Inset: the 

FFT pattern of the image confirming the hexagonal MoS2 structure. 
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MoSe2, an interesting 2D optoelectronic material owing to its small, direct 

optical bandgap, was synthesized via CVD, characterized with photoluminescence 

spectroscopy and electron microscopy, and implemented in a field effect transistor 

(FET). MoSe2 was grown from MoO3 and selenium on a clean Si wafer with a 275 nm 

SiO2 top layer as shown in Figure 8a. A mixture of argon and hydrogen (15% 

hydrogen) was used as the carrier gas and reducing atmosphere during the 

deposition process. Hydrogen is essential for the growth of MoSe2; without it 

deposition does not occur, as reported in the WSe2 system. Growth at 750 °C for 20 

min yielded a high coverage of triangular domains, as shown in Figure 8b, c. The size 

of the triangles ranges from several tens to more than a 100 μm. Some triangles also 

exhibit small domains of double layer MoSe2; they appear in optical images as 

darker areas. Their occurrence may indicate the presence of defects in the first 

layer, which act as nucleation sites for the second layer growth. Similar to CVD 

grown MoS2, MoSe2 islands can merge together, forming a continuous film as shown 

in Figure 8 d. The thickness of a grown triangle, 0.8 nm as measured by atomic force 

microscopy (AFM, Figure 8e), confirms that the sample is a monolayer; the domain-

to-domain and film thickness homogeneity are evidenced by the homogeneity in 

color present in the optical micrographs shown in Figure 8. 
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Figure 8 MoSe2 monolayer synthesis and morphology. (a) Schematic of the 

controlled synthesis of monolayer MoSe2 via CVD. Se pellets and MoO3 powder 

are positioned in same ceramic boat at the center of the tube furnace. (b–d) 

Typical optical images of monolayer triangles and continuous film. Small 

bilayer domains with darker color can be observed in (c) and (d). (e) AFM 

height topography of monolayer MoSe2, and the height profile (inset) showing 

a thickness of 0.8 nm, as measured along the red dotted line. 
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Raman and PL are effective methods for the characterization of crystal 

quality and band gap in 2D materials. A triangle with an edge of about 40 μm (Figure 

9a) was characterized with Raman and PL with a laser wavelength of 514.5 nm. 

Spectra were collected at the edge and center of the triangular domain, as shown in 

Figure 9. Two main peaks appear in the Raman spectra: a sharp one at low 

wavenumber (239 cm–1) characteristic of the A1g mode of MoSe2 (out of plane 

vibration) and a broad one at higher wavelength (301 cm–1) characteristic of the E2g 

mode (in-plane vibration). The nearly identical peak position and relative intensity 

in the edge and center spectra suggest a high homogeneity of the grown MoSe2. The 

uniformity of the Raman intensity map of the 239 cm–1 peak (A1g mode, Figure 9d) 

further confirms this observation. However, both PL spectra (Figure 9c) and PL peak 

intensity map (Figure 9e) show a stronger signal in the center of the triangle, with a 

decreased intensity at the edges. Only one high intensity peak at around 840 nm is 

present in both spectra, corresponding to a band gap of 1.48 eV, in excellent 

agreement with the reported 1.5 eV for monolayer MoSe2. Under same 

measurement conditions, the PL spectrum of the central area of the triangle displays 

a peak at 830 nm, while that of the edge is red-shifted to 845 nm with lower 

intensity. The disparity in intensity and peak energy at different positions is obvious 

in the PL maps. In the PL intensity map shown in Figure 9e, the center part of the 

triangle is clearly brighter, and the intensity decreases to about half at the edge. In 

the peak position map shown in Figure 9f, a red-shift from the center to the edge is 

observed. A related phenomenon has been reported by Peimyoo et al. for WS2, albeit 

in their case the edges had the highest intensity. The explanation given by Peimyoo 
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is that the low PL intensity results from defects within the crystal, which can quench 

the intrinsic PL or act as nonradiative recombination sites. Thus, here, we believe 

that the lower PL intensity at the edge is analogously caused by defects, which are 

more common around the edges. We also believe that such defects, in particular Se 

deficiencies, are responsible for the red-shift of the PL peak position and associated 

apparent reduction of the bandgap at the edges. We observe a similar phenomenon 

in our PL maps of monolayer MoS2. 
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Figure 9 Raman and PL characterization of monolayer MoSe2. (a) Optical 

image of a small MoSe2 monolayer triangle. (b) Raman spectrum at the center 

(black line) and edge (red line) of the triangle. (c) PL spectra at the center 

(black) and edge (red). (d) Raman mapping (A1g mode) of the triangle. (e and 

f) PL intensity and peak position maps. 
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To evaluate the electrical performance of the material, FETs were fabricated by 

electron-beam lithography. Figure 10a shows a typical optical micrograph of the 

fabricated device with a channel length and width of 10 and 2 μm, respectively. It 

has been discussed by a few authors that defects in TMDs can impact their 

electronic transport properties, specifically grain boundaries which have been 

demonstrated to undermine the performance of TMD transistors. Experimentally, 

we are conscious of this phenomenon and have avoided the second layer when 

making FET devices for consistency (for example, the optical image of our FET 

device in Figure 10a). The typical electrical performance data of MoSe2 FETs is 

presented in Figure 10b; all the fabricated devices displayed n-type behavior, 

consistent with results from mechanically exfoliated samples. Field effect electron 

mobilities can be estimated using the equation μ= [dId/dVbg] × [L/(WCgVd)], where L, 

W, and Cg are the channel length, width, and the gate capacitance per unit area, 

respectively. Here, 0.5 V was used for the Vd. The I–V curves (inset in Figure 10b) 

confirm the Ohmic contact between the tested materials and the electrodes. From 

the data acquired for the MoSe2 FET shown in Figure 10b, the on/off current ratio 

was found to exceed 106, while the electron mobilities are within 20–80 cm2 V–1 s–1, 

with an average mobility of 50 cm2 V–1 s–1. The similarity of this result to that for 

exfoliated MoSe2 monolayer is a strong evidence of the high quality of the CVD 

grown sample. It is worth emphasizing that the electron mobility of the resulting 

MoSe2 is much higher than that of CVD MoS2 when measured by the same back-

gated configuration (3–20 cm2 V–1 s–1).   
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Figure 10 Field-effect transistor (FET) device from the CVD grown MoSe2 

monolayer. (a) Optical image of the fabricated device. (b) Typical plot of 

gating voltage vs source/drain current (the source/drain voltage is fixed at 0.5 

V). Inset: Corresponding I–V curves at different gating voltages. 
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2.4. Topological Conversion of MoS2 to WS2 

Based on the successful converting of graphene to h-BN, I started to put 

efforts on the conversion of MoS2 to other TMD materials. One of the most 

significantly success is the conversion from MoS2 to WS2. Figure 11 shows the 

scheme for the growth of WS2/MoS2 heterostructure. Molybdenum trioxide (MoO3) 

powder is placed in front of the bare SiO2/Si wafer for the growth of MoS2, while a 

mixed powder of tungsten and tellurium is scattered on the wafer for the growth of 

WS2. The addition of tellurium helps to accelerate the melting of tungsten powder 

during the growth. Sulphur powder is put upstream within the low-temperature 

zone. Argon is used to protect the system from oxygen and carry sulfur vapor from 

the upstream of the tube during the reaction. The difference in their nucleation and 

growth rates gives rise to sequential growth of MoS2 and WS2, instead of MoxW1−xS2 

alloy, and the precise reaction temperature determines the structure of the final 

product: vertically stacked bilayers are preferred at 850 °C, whereas in-plane lateral 

heterojunctions dominate when the synthesis is carried out at 650 °C. This simple, 

scalable growth process creates clean interfaces between the two monolayer 

components, which is advantageous over mechanical transfer of layers. 

The morphology of the WS2/MoS2 vertical and in-plane heterostructure was 

examined by optical microscopy, scanning electron microscopy (SEM) and atomic 

force microscopy (AFM). Figure 11a-d are the schematic and typical optical and SEM 

images of the vertically stacked heterostructure, showing individual WS2/MoS2 

bilayer triangles and a high yield of heterostructure. The bilayers can be easily 
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distinguished from monolayers via optical contrast (Figure 11b), with MoS2 

monolayers showing a light purple color and the bilayer regions as much darker 

purple. The domain size of the bottom MoS2 layer is typically larger than 10 μm. 

Both totally covered and partially covered WS2/MoS2 bilayers can be found, 

providing different geometries for device fabrication. The schematics and 

morphology of WS2/MoS2 in-plane heterostructure are shown in Figure 11e-h, 

where the lateral interface between monolayer MoS2 and WS2 can be easily 

distinguished by the contrast difference.  
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Figure 11 a–d, Schematic, optical and SEM images of the vertically stacked 

WS2/MoS2 heterostructures synthesized at 850 °C, showing the bilayer feature 

and the high yield of the triangular heterostructures. e–h, Schematic, optical 

and SEM images of the WS2/MoS2 in-plane heterojunctions grown at 650 °C. g 

is an optical image of the interface between WS2 and MoS2 with enhanced 

colour contrast, showing the abrupt change of contrast at the interface. SEM 

images are presented in reverse contrast. The green, purple and yellow 

spheres in a,e represent W, Mo and S atoms, respectively. i, Schematic of the 

synthesis process for both heterostructures. 
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The atomic structure of the vertically stacked WS2/MoS2 bilayers was studied 

by Z-contrast imaging and elemental mapping on an aberration-corrected STEM. 

Figure 12a shows the morphology of the as-transferred stacked WS2/MoS2 

heterostructure in a low-magnification Z-contrast image, where the image intensity 

is directly related to the averaged atomic number and the thickness of the sample. A 

WS2 monolayer would, therefore, exhibit higher image contrast than a MoS2 

monolayer, whereas the image intensity from the bilayer heterostructure is roughly 

the sum of that from its two monolayer components. To highlight the different 

regions in the sample, the image in Figure 12a is shown with a false colour scale. 

Most of the sample is covered by a continuous bilayer heterostructure (orange 

region), while at some intentionally induced broken edges. both of the individual 

monolayers can be identified (with MoS2 shown in blue and WS2 shown in green). 

Figure 12b shows a magnified image of the region outlined by a square in Figure 

12a. The obvious contrast step across the two individual layers, as shown by the 

image intensity line profile in Figure 12c, demonstrates the presence of separated 

MoS2 and WS2 monolayers instead of a homogeneous MoxW1−xS2 alloy. Elemental 

mapping of Mo, W and S (Figure 12d) from the same region unambiguously 

confirms that MoS2 and WS2 are well separated into two atomic layers, forming 

vertical bilayer heterostructures. 

Figure 12e-f shows atomic-resolution Z-contrast images from the bilayer 

region and a step edge of the WS2/MoS2 heterostructure, respectively. The 

alternative bright and dark atomic column arrangement in the hexagonal lattice 
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suggests the as-grown stacked WS2/MoS2 heterostructure preserves the 2H 

stacking, where the bright and dark columns are W and Mo atom-aligned with a S2 

column, respectively, as illustrated in Figure 12g. The WS2/MoS2 heterostructure 

grown by our one-step growth method is found to have predominantly the 2H 

stacking, which exemplifies the advantage of this direct growth method over the 

mechanical transfer method, where the stacking orientation of the heterostructure 

cannot be well controlled. As a side note, Mo substitution in the WS2 layer can 

occasionally be observed, as indicated by the reduced contrast at the W atomic sites 

(green arrows in Figure 12e and the associated intensity line profile). Similarly, 

some trace amount of W atoms is also found to substitute into the MoS2 layer 

(Figure 12f). However, the substitution is at a fairly low concentration, which would 

have only a minimal effect on the properties of the MoS2 and WS2 monolayers. 
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Figure 12 a, Low-magnification false-colour Z-contrast image of the sample, 

where monolayer MoS2 is shown in blue, monolayer WS2 in green, and the 

WS2/MoS2 bilayer in orange. b, Zoom-in view of the region outlined by the 

square in a. c, Z-contrast image intensity profile along the dashed line in b, 

showing the distinct contrast variation among the different monolayer and 

bilayer regions. d, Elemental mapping of Mo, W and S from the whole area 

shown in b. e, Top: Z-contrast image of the bilayer region with a 2H stacking 

orientation. The brighter columns are overlapping columns of W and S2, 

whereas the less bright columns are overlapping of S2 and Mo. The green 

arrow points to the atomic positions where a W atom is replaced by a Mo atom 
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in the WS2 layer, which has a similar intensity to its neighbouring site. Bottom: 

Image intensity profile acquired along the yellow rectangle in the image 

above. f, Z-contrast image of the step edge of the WS2/MoS2 bilayer. The green 

dashed line indicates the step edge, and the two triangles indicate the 

orientation of the MoS2 (top part of image) and WS2 (bottom part) layers. 

Inset: Fast Fourier transform of the Z-contrast image showing only one set of 

diffraction patterns. g, Schematic of the 2H stacking in the stacked WS2/MoS2 

heterostructure. 
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Chapter 3 

 Electronic and Photonic Application  

3.1. Suspended Graphene Guided-Wave Resonator 

Based on the success of synthesizing high quality and large scale single 

crystal graphene, I start to explore the possibilities of applying this novel materials 

into the next –generation electronics or photonic applications. The first trial is a 

suspended graphene photonic filter. The unique electronic properties of graphene 

make it a promising platform to build highly integrated active plasmonic devices 

and systems for a wide wavelength range from near-infrared to terahertz (THz), 

which enable manipulation and control of light confined in deeply subwavelength 

structures. Existing metal-based active plasmonic devices have either slow speeds 

or very limited tunability, and plasmonic devices based on a 2D electron gas in 

semiconductors have been demonstrated only at cryogenic temperatures. In 

contrast, graphene has been shown to support surface plasmon polaritons (SPPs) 

with stronger mode confinement and lower propagation loss in the mid-infrared 

region due to its large carrier mobility at room temperature. The carrier density in 

graphene can be electrically adjusted dramatically with a small bias voltage applied 
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to a field-effect transistor (FET), which can achieve tuning times below a 

nanosecond. This unique combination makes graphene a promising material for 

electrically tunable active plasmonic devices. 

The key challenge is to efficiently excite SPPs in graphene with an incident 

electromagnetic wave, given the large wavevector mismatch between the two 

waves. Recent studies demonstrated near-field excitations and observation of 

propagating SPPs in graphene using near-field microscopy with nanotips. This type 

of excitation has a low efficiency as only a very small percentage of incident photons 

can be converted to SPPs. In this effort, I experimentally demonstrate the excitation 

of SPPs in graphene using a silicon grating, where SPP is excited by a normal-

incident free-space infrared wave through the guided-wave resonance (GWR). 

Besides assisting the optical excitations, the silicon grating also acts as a gate 

electrode to tune the resonance frequency of the device over a broad spectral range. 

To fabricate the structure shown in Figure 13a, periodically spaced trenches 

were etched into a lightly doped silicon substrate for grating formation. The depth 

and length of each trench were ∼250 nm and ∼60 μm, respectively, and the grating 

period (Λ) varied from device to device. A 30-nm-thick layer of aluminum oxide was 

then deposited on top of the grating as the back-gating dielectric layer. Chemical 

vapor deposition (CVD)-grown monolayer graphene was then transferred on top of 

the grating as the propagation medium of SPPs. The strong mechanical property of 

graphene allowed the film to be suspended over the submicrometer-wide trenches, 

as shown in Figure 13b. The quality of graphene in the suspended regions was 
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verified via Raman spectroscopy (see Figure 13c). The locations of the G and 2D 

peaks (∼1590 cm–1 and ∼2688 cm–1, respectively), the single Lorentzian shape of 

the 2D peak, the intensity ratio of the 2D to G peaks (>4.0), and the near absence of 

the D peak all indicate a high-quality monolayer of graphene after the transfer 

process. The inset of Figure 13d shows the structure of a graphene field effect 

transistor that was used to measure the mobility of the graphene. The main panel of 

Figure 13d shows the correlation between field-effect carrier transport and back-

gating voltages, and the carrier mobility μ can be calculated from the linear regime 

of the transfer characteristics. Most of the devices used in our experiments showed 

μ of ∼1700 cm2·V–1·s–1. 
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Figure 13 (a) Schematic of silicon-diffractive grating-assisted graphene 

plasmon excitation by guided-wave resonance (GWR). (b) Scanning electron 

microscopy (SEM) image of transferred graphene on a silicon grating with 

period Λ = 400 nm. A defective region is intentionally chosen here to show the 

contrast between graphene-covered and uncovered areas. (c) Raman 

spectrum of graphene transferred on a silicon grating indicated in part b. (d) 

The resistance of the graphene field effect transistor (FET) between the 

source (S) and the drain (D) as a function of gate voltage under vacuum (inset: 

graphene FET structure). 
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I performed polarization-dependent transmission experiments on the 

fabricated devices using Fourier transform infrared spectroscopy (FTIR) in the mid-

infrared (MIR) and far-infrared (FIR) regions, as schematically shown in Figure 14a. 

The phase-matching effect only occurs to SPPs propagating in the direction 

perpendicular to the grating lines, which is polarized in the same direction. 

Therefore, SPPs can be excited only when the input light is polarized perpendicular 

to the grating lines, which introduces a dip in the transmission spectrum (T⊥). No 

resonance features are expected on the transmission spectra of light polarized along 

the grating lines (T∥). Figure 14b shows the ratio T⊥/T∥ as a function of frequency, 

which shows a resonant dip as light with the correct polarization couples incident 

radiation to the SPPs and its energy is absorbed in the graphene layer. 

Figure 14b shows T⊥/T∥ versus frequency for devices with different periods 

(Λ). For graphene on a bare silicon wafer, there is no observable difference in 

transmission between parallel and perpendicular polarized beams. However, all the 

other three devices with gratings exhibit transmission dips for light polarized 

perpendicular to the grating lines at particular frequencies and show no feature in 

other measured spectral range, indicating that the gratings play a key role in the SPP 

excitations. Figure 14c shows the relationship between the logarithm of resonance 

frequency ω0 and the logarithm of grating period Λ. The spectrum position and 

extinction ratio (ER) can be fitted using finite difference time domain (FDTD) 

simulations with fitted Fermi level Ef ∼ 0.23 eV and carrier mobility μ ∼400 cm2·V–

1·s–1. This Fermi level is comparable to the typical Fermi levels of graphene films 
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transferred using similar methods, which are electrically measured to be between 

0.2 and 0.3 eV while the carrier mobility is significantly lower than the DC mobility 

measured electrically on similar graphene material (∼1700 cm2·V–1·s–1). Possible 

reasons for the reduction in mobility include nonuniformity in the grating structure 

due to imperfect fabrication, nonuniformity in the Fermi level in graphene, and the 

many-body effects in graphene. The field distribution of SPPs was obtained through 

FDTD simulations as well. For a grating with period Λ = 100 nm, the calculated 

mode profile in the graphene layer is shown in Figure 14d, whose electric field 

intensity has a short decay length of ∼20 nm in the vertical direction. 
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Figure 14 FTIR measurement results of the fabricated guided-wave resonance 

graphene plasmonic devices. (a) Schematics of the normal-incidence 

transmission measurement and the definitions of different polarizations for 

T⊥ and T∥. (b) FTIR transmission spectra in the far-infrared (200–550 cm–1) 

and mid-infrared (620–1300 cm–1) for gratings with different periods. The 

arrows mark the positions of the resonances. The black line is the 

transmission of monolayer graphene normalized to the transmission of a bare 

silicon wafer. The shaded area represents the frequency region where the 

signal-to-noise ratio of detector was too low. Inset: The transmission 

spectrum of grating period Λ = 800 nm in mid-infrared region without 

graphene normalized to that of a bare silicon wafer. (c) The logarithm of 

resonance frequency ω0 versus the logarithm of grating period Λ. Blue open 

circles correspond to the arrow positions in b and the red solid line is a linear 
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fit with a fitted slope of −0.487, which matches well with the theoretical 

prediction of −0.5. (d) Simulated mode profiles using the finite difference time 

domain (FDTD) method at the resonance frequency. 
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I used a back-gate structure to electrically control the carrier density and, 

thus, the resonance frequency of the device. A 30 nm aluminum oxide layer was 

deposited on the grating before graphene was transferred, and a voltage was 

applied between the substrate and graphene layer. The effectiveness of back-gate 

tuning was confirmed via terahertz time-domain spectroscopy (THz-TDS) by 

measuring broadband transmission at different applied voltages since the graphene 

intraband absorption changes with the position of the Fermi level Ef. The schematic 

of this measurement is shown in Figure 15a. Figure 15b shows the spectrally 

integrated power of the transmitted THz beam versus gate voltage, demonstrating 

effective carrier density tuning in the graphene layer from the n-doped region to the 

p-doped region. The charge neutrality point is around −3 V, showing that graphene 

under zero bias is p-doped with a Fermi level Ef of ∼0.26 eV, which is close to what 

is estimated from the fitting with IR measurements (∼0.23 eV). 

Electrical tuning of the plasmon resonance is demonstrated in Figure 15c. 

Here T⊥/T∥ is plotted versus frequency for different gate voltages in the mid-

infrared region. As the gate voltage increases from 0.5 to 4 V, a large blue shift of 

∼80 cm–1 of the resonance frequency is observed. Since the resonance frequency ω0 

of the unbiased structure is close to the lower frequency limit of our detector, I 

choose to apply only positive voltages to increase the doping level, which blue-shifts 

the center frequency and moves the resonance farther away from the detector limit. 

The ER of the resonance varies from device to device, presumably due to sample 

uniformity variations. Figure 15d shows T⊥/T∥ versus frequency for a device with 
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the period Λ = 200 nm that has a higher ER of ∼6%. The ER of the resonance can be 

increased by improving the quality of the graphene layer and the fabrication 

processes. 
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Figure 15 (a) Schematic of back-gate carrier density tuning in continuous 

graphene on an evaporated dielectric layer through THz-TDS measurements. 

(b) The total transmitted power of THz radiation changes with the gate 

voltage. The red dots are measurements, and the blue line is interpolation. (c) 

Electrical tuning of the fabricated GWR graphene plasmonic device with 

period Λ = 100 nm. Arrows indicate the position of the resonant dips. (d) The 

resonance of a GWR graphene plasmonic device with period Λ = 200 nm under 

4-V bias, which has an extinction ratio ER ~6%. 
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3.2. In-plane Graphene-BN-BNC Hybrid 2D Transistors 

After I successfully synthesized and converted graphene to BNC mixture 

material, it is become very appealing to me that the capability of controlling the 

atomic arrangements would enable us to fabricate the thinnest and most integrated 

thin film circuitry ever been made. As a matter of fact, micron-level spatially 

controlled conversion can be achieved by using lithographically defined silica masks 

(Figure 16a-h). First, I transfer pristine graphene onto a high-resistance silicon 

wafer as a media substrate (Figure 16a). Then, a 50 nm layer of silica with 

predefined patterns is deposited atop the graphene by lithography process (Figure 

16b). After that, the whole chip is placed into a CVD furnace to apply the conversion 

reaction. Only the exposed graphene areas are converted while the areas covered by 

silica remain intact as graphene during the reaction (Figure 16c). Once the 

conversion is complete, the silica mask is removed by HF solutions, and the films are 

transferred by PMMA onto other substrates (Figure 16d). During conversion, the 

concentration of h-BN can be well controlled via the reaction time. A two-step 

template conversion process will convert pristine graphene into an in-plane 

graphene/h-BNC/h-BN heterostructure layer. Starting from the partially converted 

graphene/h-BNC (Figure 16e), another mask is then fabricated to cover parts of the 

h-BNC region, and a second conversion undertaken to obtain h-BN area in the 

uncovered areas (Figure 16f-g). Etching away the two masks using HF solutions, the 

preserved regions of graphene and h-BNC would serve as conducting and 

semiconducting regions embedded inside the passive h-BN lattices (Figure 16h). 
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Multiple conversion cycles further broaden the range of achievable complex 

heterostructure 2D layers containing graphene, h-BNC and h-BN layers. These 

patterns can be utilized in complex circuitry applications as shown in latter demos. 

Figure 16i-j is the atomic schematic and an optical image of a graphene/h-BN 

alternative strip synthesized by the conversion method and transferred onto 285-

nm SiO2 substrate. The widths of the graphene and h-BN ribbons are ~6 and ~3 μm, 

respectively. Graphene and h-BN domains, distinguished by colour (Figure 16j), are 

nicely integrated in this approach. Raman mapping (Figure 16k) of the 2D peak 

(2,700 cm−1) was performed at the marked area in Figure 16j. The bright regions 

indicate a high intensity of the 2D peak from graphene, while no 2D peak was found 

in the black regions where graphene was fully converted to h-BN. Figure 16l shows 

the atomic structure model of a graphene/h-BNC/h-BN hybrid strip, which is 

exemplified in Figure 16m by the optical image of a hybrid strip synthesized by the 

two-step template conversion process. The width of the strips is ~12 μm. In the 

Raman mapping of the highlighted area (Figure 16m-n) with the 2D peak 

(2,700 cm−1), graphene, h-BNC and h-BN strips can be clearly seen as uniform 

domains with sharp interfaces between mask-defined regions, although the contrast 

between h-BN and h-BNC is relatively low in the optical image. Note that the h-BNC 

region exhibits a 2D Raman peak intensity between that of the surrounding 

graphene and h-BN material, consistent with our previous experiments. 

Complicated graphene/h-BN heterostructures, such as an Owl (the logo of Rice 

University), can be fabricated, demonstrating that this versatile lithography-

compatible conversion method can enable a much more complicated design. 
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Furthermore, heterostructures with feature size less than 100 nm are demonstrated 

using the e-beam lithography-defined masks. The as-prepared hybrid layers can be 

readily transferred onto flexible substrates, such as PDMS, showing promising 

application in flexible electronics. 
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Figure 16 (a–d) Schematics of the spatially controlled conversion process of 

graphene into h-BN. (a) Transfer graphene onto a high-resistance intrinsic 

silicon wafer as a media substrate. (b) Deposit 50 nm SiO2 with predefined 

patterns on top of the graphene. (c) Transfer the whole chip into a CVD 

(chemical vapour deposition) furnace for conversions. (d) Wash away the SiO2 

masks by buffered HF solutions and transfer the films via PMMA-KOH lift-offs 

onto other substrates. (a), (b) and (e–h) Two-step process that converts 

graphene into a graphene/h-BNC/h-BN heterostructure thin film. The first 

cycle (a,b) is identical to the steps explained previously, except that it stops at 
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a partial-substitution intermediate state. (e) h-BNC surrounds a mask-

protected graphene region. The second cycle starts with a new mask that 

protects regions where h-BNC needs to be preserved (f), and finishes the 

conversion until a perfect h-BN film is formed in the defined region (g,h). (i) 

Schematic of graphene/h-BN strip. (j) Optical image of graphene/h-BN 

alternative strips on SiO2 substrate with a scale bar 10 μm. (k) Raman 

mapping at 2D peak (2,700 cm−1) of the marked area in (j) (scale bar, 5 μm). (l) 

Schematic showing the proposed atomic structure of a graphene/BNC/h-BN 

strip. (m) Optical image of graphene/h-BNC/h-BN alterative strips synthesized 

by this two-step conversion with a scale bar 40 μm. Raman mapping of the 

squared area from the 2D peak (2,700 cm−1) is shown in (n) (scale bar 10 μm). 

  



 
59 
 

Figure 18 present the electrical transport measurement of graphene and the 

h-BNC and h-BN films prepared by this conversion method. Graphene/h-BN FET 

arrays are shown in Figure 18a before depositing contacts. The inset is a close-up of 

the source-drain carrier-transportation channel. The evolutions of electric 

parameters such as electric resistivity, mobility and on/off ratio of the FETs have 

been systematically measured and plotted in Figure 18b-c. In a complete conversion 

cycle (atomic concentration of carbon decreases from 100% to 0), the resistivity of 

h-BNC first increases slightly and then goes up exponentially. An inverse tendency 

arises in the mobility. The source-drain current on/off ratio goes up initially 

followed by a decrease at ~60% carbon concentration. Such dependencies can be 

well correlated with the conversion picture I proposed above. In the case of slightly 

converted h-BNC, h-BN nucleates at the hydroxyl-functionalized carbon (Figure 17a-

c). The changes in the electric parameters imply a weak n-doping effect from the 

embedded N atoms or tiny h-BN domains. If I keep the substitution reaction going, 

graphene will shrink into interconnected strips delimited by the h-BN domains 

(Figure 17d). These quasi-one-dimensional strips provide not only paths for 

transport channels but also a narrow-bandgap corresponding to a high on/off ratio. 

With increasing BN concentration, the enhanced confinement effect in the graphene 

channels will partly degrade the mobility in graphene. A good compromise between 

mobility and on/off ratio is observed in the h-BNC with ~60% carbon. Higher BN 

substitution will undermine the charge transport, as graphene channels are 

disconnected into nanodomains embedded in an h-BN matrix (Figure 17e). The 

charge transport of this disordered system is likely dominated by a thermal-
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activated variable-rang hopping mechanism, leading to an exponential increase of 

the resistivity of the h-BNC films (Figure 18b). Finally, the mobility and on/off ratio 

drop down to zero simultaneously when the graphene has been fully converted to h-

BN. In other words, the h-BNC film undergoes the transition from metal-like, to 

semiconducting-like and to an insulating behaviour following the conversion. They 

are further supported by I–V curves (insets in Figure 18b). Low BN concentration 

leads to an Ohmic contact while source-drain current can be hardly detected at high 

concentration. It is important to note that, for high BN concentration, the ratio of 

workable devices markedly reduced to zero, an indication of percolation threshold 

at around 80% BN concentration. 

Most of the graphene FETs show mobilities in the range from 2,500 to 

4,500 cm2 V−1 s−1 (Figure 18c), comparable to results reported for other CVD-grown 

polycrystalline graphene tested by back-gating configurations. For the h-BNC films 

with 60% carbon, most of the FETs show mobilities in the range from 1,000 to 

1,550 cm2 V−1 s−1 and on/off ratio from 300 to 700. Compared with other 2D 

materials, our h-BNC films realized a good trade-off between high on/off ratio and 

acceptable carrier mobility (Figure 18d red stars for our data). The reasonable 

mobility and on/off ratio in our h-BNC FET devices serve as an important step 

forwards for graphene-integrated circuitries. 
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Figure 17 The carbon, nitrogen, boron, oxygen and hydrogen atoms are in 

grey, blue, green, red and white, respectively. (a) CVD (chemical vapour 

deposition) graphene with adsorbed OH groups, introduced either from 

dissociated boric acid or intrinsic in graphene. (b) Substituting OH-adsorbed C 

atoms with N atoms. (c) Nucleation of BN domain from the embedded N atoms 

by BN substitutions, releasing a C2H4 molecule at each step. (d) Initial BN 

domains prefer a triangle shape. (e) Further growth gets the BN domains in an 

irregular shape by merging with neighboring domains. (f) BN domains merge 

to achieve fully converted h-BN. 
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Figure 18 (a) Optical image of graphene/h-BN FET (field-effect transistor) 

arrays before depositing the contacts. Each FET consists of a 1 μm × 8 μm 

ribbon bridging six 100 μm × 100 μm graphene pads. Inset is the graphene 

ribbon under test and the scale bar is 2 μm. (b) Plot of the resistance versus 

the concentration of carbon showing the transition from a metal and 

semiconductor-like film to an insulating film. Insets: I-V curves from different 

samples as the arrow indicated. (c) Plot of the mobility, ON/OFF ratio and 

ratio of workable devices versus the carbon concentration. (d) Comparison of 

FET performance of h-BNC with other 2D materials such as graphene, 

transition metal dichalcogenides (TMDs) such as MoS2. Twenty data points for 

the present study are shown in red stars. 
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3.3. Out-of-plane Graphene-BN-graphene Capacitors 

Extensive efforts have been directed at reducing the sizes of insulators and 

identifying novel material systems with high permittivities (and hence 

capacitances). Unfortunately, experiments have shown that in many thin and high-

permittivity insulators (such as SrTiO3), their capacitance values actually decrease 

with decreasing size. In the case of thin-film configurations, this counters the 

conventional wisdom from electrostatic theory that the geometric capacitance, Cgeo, 

is related to the applied voltage, ΔV, as 

d

A

V
C or

geo





  (1) 

 

where σ is the surface charge density, εο is the permittivity of free space 

~8.85 × 10-12 F m-1, and d is the thickness of the dielectric material. Using ab inito 

studies, this perplexing observation has been explained in part by the existence of 

an atomically thin charge interface between the insulator and the metallic gate, 

sometimes referred to the “dead layer”.  The dramatic capacitance reduction at 

small sizes is theorized to originate from positive quantum capacitance, CQ, of this 

accumulated two-dimensional electron gas.  

Despite being identified as a key ingredient in engineering nano-scale devices 

over four decades, the quantum capacitance of the interface two-dimensional 

electron gas, arising from many-body interactions, has only gained much interest in 
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recent years. The quantum capacitance is related to the net capacitance, C, through 

the relation 

Qgeo CCC

211
  (2) 

 

The value of CQ is many orders of magnitude greater than Cgeo, and hence its 

effect usually appears only in very small systems.  However, in some cases, the 

quantum capacitance can dramatically enhance the overall capacitance, rather than 

decrease it. A few materials systems have already been identified as plausible 

platforms for utilization of this opposite quantum-capacitance phenomenon, 

including C-CuO2-Cu coaxial nanowires and LaAlO3/SrTiO3 films for which about 

100% and 40% enhancements of capacitance, respectively, have been reported. 

In this part of my thesis, I successfully fabricated arguably the thinnest 

possible nanocapacitor system via the use of atomically thin monolayer materials 

such as graphene and hexagonal boron nitride (h-BN). I observed the unusual size 

dependence substantially enhanced the graphene-h-BN-graphene system. I also 

performed quantum transport calculations to elucidate the mechanism 

underpinning the unusual size-dependence of capacitance in this particular 

materials system. Furthermore, I experimentally demonstrated that insertion of 

graphene into h-BN stacks may also lead to possible intriguing applications. 
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In order to measure the dielectric changes induced by an electric field, I 

fabricated a thin parallel capacitor based on this model. Figure 19 shows the general 

design and major steps of device fabrication. (a) First, Au/Cr (30/1.5 nm) is 

deposited on SiO2 as the bottom electrode by electron-beam evaporation. The 

bottom electrode is dumbbell shaped. On both sides there are two square pads with 

100 μm width and length. The ribbon that bridges the pads is of 500 μm in length 

and 10 μm in width. (b) Second, a large piece of single-layer graphene is transferred 

onto the bottom electrodes by a standard acid lift-off method. In my experiments, as 

the area of the film is much larger than the size of electrodes, one piece of graphene 

or h-BN film can fully cover twenty to forty electrodes simultaneously on the same 

wafer. (c)-(d) are the steps in which I stack graphene and h-BN onto the bottom 

electrode and let them tightly bond to each other by van der Waal forces. (e) is to 

make a square mask on top of the stacked layers of 10 μm length and 10 μm width 

by reactive ion etching (RIE) with photolithographic masks. This process ensures 

isolation of different devices on the same substrate. (f) is to deposit the top 

electrode on top of the transferred stacked layers. The geometry of the top electrode 

is identical to the bottom electrode but rotated by 90 degrees. As a result, the top 

and bottom electrodes together form cross-shaped electrodes with a small 

overlapping parallel plate in between. Figure 19 (g) and (h) are optical and SEM 

images, respectively, of one such capacitor. Figure 19 (i) shows how the two 

measuring probes contact the top and bottom electrodes and perform the following 

measurements.  
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Figure 19 Fabrication process and the optical/SEM images of the testing 

capacitors. (a)-(f) The six major steps to make the Au/G/h-BN/G/Au stack 

device on SiO2 wafer. The first step (a) is to deposit the bottom layer electrode 

onto SiO2 wafer with a dumbbell shape. Steps (b) to (d) are layer-by-layer 

transfer of the CVD grown films onto the bottom electrode by acid lift-off 

methods. The fifth step is to etch away all other unnecessary areas except a 

10umx10um square in the middle of each device. The last step (f) is to deposit 

the top layer electrode on top of the film, perpendicular to the bottom 

electrodes. (g)-(h) show optical and SEM images of a device after etching. The 

inset scale bar in (h) is 10 µm. (i) indicates the measuring methods and 

connections from the device to the probe station. 
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Based on the aforementioned procedure, I fabricated ten groups of devices, 

as shown in Table 1. Groups BN-1 to BN-7 have the Au/h-BN/Au stack structure. 

The thicknesses of the h-BN films of these seven batches were 26.7 nm (bulk), 20.2 

nm (bulk), 14.5 nm (bulk), 5.9 nm (~16 layers), 2.8 nm (~8 layers), 1.5 nm (~4 

layers), and 0.8 nm (~2 layers), respectively. In addition, in order to demonstrate 

unique properties of different stacking sequences, I made three other groups: GBN-

8, BNG-9 and GBNG-10. In Group GBN-8, the Au/graphene/h-BN/Au stacking 

structure is made, in which a layer of graphene was inserted in between the bottom 

electrode and the h-BN film. Group BNG-9 reverses the stacking sequences of h-BN 

and graphene, as compared to Group GBN-8. The last batch, Group GBNG-10, is a full 

stacking structure of graphene/h-BN/graphene. The graphene and h-BN used in the 

latter three groups are single and double-layers, respectively. By comparing BN-7, 

GBN-8, BNG-9 and GBNG-10 I can infer the effect of stacking sequence on the 

electrical properties as well as the impact of graphene on h-BN’s physical behaviors. 

I first measured the capacitance of batches BN-1 to BN-7 at 20 kHz. The 

Precision LCR Meter Agilent E4980A was set to work in Cp/D function mode with a 

level voltage of 0.01 V. Two probes were contacted to the top and bottom electrodes, 

respectively. In order to minimize the impact from the cable capacitance and other 

noises, I followed a two-step process to calibrate the setup: 1) calibrate the open-

circuit capacitance, and 2) calibrate the short-circuit capacitance with the top and 

bottom electrodes. I then apply Eq. (1) to calculate the relative permittivity, whose 

values are plotted in Figure 3. The data were obtained based on the statistical 
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average of at least forty identical devices of each group. I can clearly observe a 

significant increase of the relative permittivity with decreasing film thickness. Not 

so surprisingly, the measured relative permittivity of devices in Groups BN-1, BN-2 

and BN-3 are 4.2±0.1, which is almost the same as the reported value for bulk BN. 

However, an anomalous size dependence appears when the thickness becomes < ~5 

nm, or less than 16 atomic layers, i.e., the relative permittivity systematically 

increases with decreasing h-BN thickness. The relative permittivity values of BN-4, 

BN-5, and BN-6 are 4.9±0.4, 5.6±0.6, and 6.8±0.9, respectively.  For BN-7, which is 

made by bi-layer h-BN, the permittivity is measured to be 7.9±1.1, which is almost 

twice as large as the bulk value. The measured values for all devices are summarized 

in the format of [mean value] ± [max diff], as shown in Table 1.  
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Table 1 Sample codes and the corresponding stacking structures 

SAMPLE 

CODE 

STAKING 

STRUCTURES 

(FROM BOTTOM 

TO TOP) 

THICK-

NESS OF 

H-BN 

THIN 

FILMS 

LAYERS 

OF H-BN 

FILMS 

OVER

-LAP 

AREA 

(UM^

2) 

CAPACIT-

ANCE 

(PF) 

RELATIVE 

PERMITTI-

VITY 

[mean 

value] ± 

[max diff] 

BN-1 Au/h-BN/Au stack 26.7 nm Bulk 100 

 

0.139 4.2±0.1 

BN-2 Au/h-BN/Au stack 20.2 nm Bulk 100 0.184 4.2±0.1 

BN-3 Au/h-BN/Au stack 14.5 nm Bulk 100 0.256 4.2±0.1 

BN-4 Au/h-BN/Au stack 8.1 nm 16 100 0.735 4.9±0.4 

BN-5 Au/h-BN/Au stack 2.8 nm 8 100 1.770 5.6±0.6 

BN-6 Au/h-BN/Au stack 1.5 nm 4 100 4.012 6.8±0.9 

BN-7 Au/h-BN/Au stack 0.8 nm 2 100 8.739 7.9±1.1 

GBN-8 Au/G/h-BN/Au 

stack 

0.8 nm 2 100 10.952 9.9±1.9 

BNG-9 Au/ h-BN/G/Au 

stack 

0.8 nm 2 100 11.394 10.3±2.5 

GBNG-10 Au/G/h-BN/G/Au 

stack 

0.8 nm 2 100 11.948 10.8±2.3 
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There are a variety of device-related issues, which I can exclude as the reason 

for the observed size-dependent relative permittivity: 1) the surface residues of 

resists or water, 2) different bonds between films and electrodes, 3) the 

inhomogeneity and defects of the h-BN films, and 4) roughness of the gold (metal)- 

BN (dielectric) interfaces. I took a few precautions to eliminate the impacts of 1), 2), 

and 3), including annealing the whole chip under vacuum at 300oC for 2 hours in 

order to vaporize possible residues of polymers, waters or resists. AFM mapping 

after each of the fabrication steps indicated that the surface height inhomogeneity of 

the surfaces was about 2%. For 4), in order to ensure formation of tight bonds 

between electrodes and thin films, after device fabrication, I baked the whole 

devices under vacuum at 105oC  for 2 hours. It shows that the roughness of the gold 

electrodes, in our case a ~1.9 nm height variation, would cause a ~2% capacitance 

variation, which is not significant enough to explain the anomaly large capacitance 

values of the devices with the thinnest h-BN films. 

I extended the test from 2 kHz to 2 MHz for batches of BN-3, BN-4, BN-5, BN-

6 and BN-7, as Figure 20a shows. As can be seen, the relative permittivity is 

increased at all frequencies as the thickness of h-BN gets smaller. For BN-3, the 

relative permittivity is stable as the frequency changes, whereas that of those films 

thinner than 5 nm becomes lower as the frequency becomes higher. Atomistic 

calculations, discussed in the next section, demonstrate a similar trend to this 

experimental observation and provide a mechanistic explanation for some of the 

anomalous size-effects. 
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Furthermore, I measured the capacitances of three other types of devices 

with differing stacking sequences: BN-7, GBN-8, BNG-9 and GBNG-10. The results 

are shown in Figure 20b. The relative permittivity values of h-BN at 20 kHz in GBN-

8, BNG-9, and GBNG-10 are 9.9±1.9, 10.3±2.5 and 10.8±2.3, respectively, which are 

more than double of the value of bulk BN. Figure 20b also shows the frequency 

dependence of the relative permittivity of these different stacking structures from 2 

kHz to 2 MHz. As the design of GBN-8 and BNG-9 is geometrically symmetric, their 

electrical properties are equivalent but notably different from BN-7. Therefore, I 

infer that the bonding sequence does not really affect the graphene/h-BN bonds. 

GBNG-10 exhibited stable responses though all testing bands, which could 

potentially be a clue for designing next generation two-dimensional capacitors and 

electronics.  
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Figure 20 The extended measurements of relative permittivity from 2 kHz to 2 

MHz. (a) Measured relative permittivity of the Au-h-BN-Au stacking groups 

from 2 kHz to 2 MHz. (b) Comparison between different stacking structures in 

the same range.  
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Models for a nanoscale dielectric capacitor consisting of two metallic 

graphene layers separated by an insulating h-BN thin layers have been successfully 

used to simulate stacking structures of graphene/h-BN/graphene, that is, groups 

GBN-8, BNG-9 and GBNG-10. Here, we further investigated the roles of negative 

quantum effects in the interaction between the gold electrodes and h-BN films in 

these structures. We determined the dielectric permittivity as a function of 

dielectric size via ab inito calculations using the SIESTA atomistic simulation 

package. We employed density functional theory with the van der Waals density 

functional (vdW-DF) to model the exchange-correlation energies of Au and h-BN. 

We took into account relativistic effects for Au via a relativistic pseudopotential, 

whose validity has been proven in a previous study. 

The double ζ-basis set with polarization orbitals (DZP) were used for Au 

atoms while single ζ-basis sets with polarization orbitals (SZP) were employed for 

the h-BN layers and Au atoms, respectively. All calculated equilibrium 

configurations were fully relaxed with residual forces smaller than 0.04 eV/Å. The 

calculated lattice constant of Au is 4.217 Å. For h-BN, the lattice constant is 2.536 Å, 

and the c/a ratio is 2.78; thus, the interlayer distance in h-BN is 3.524 Å, which is in 

reasonable agreement with the corresponding experimental value (3.306 Å) and the 

theoretical value (3.54 Å) calculated using the plane-wave basis set with the vdW-

DF method. The adsorption geometry of h-BN on a (111) surface of Au is shown in 

Figure 21a. For the calculations of bonding between h-BN and Au surfaces, a 

supercell of three Au layers and two h-BN layers was employed with a grid of 12 × 
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12 × 2 and an energy cutoff of 300 Ry. The calculated equilibrium adsorption 

distance is 3.296 Å. 

I investigated electrical properties of our nanocapacitors under a finite bias 

voltage using the non-equilibrium Green's functions (NEGF) approach within the 

TranSIESTA package 25. The contact leads were composed of semi-finite Au-(111) 

surfaces, with the top and bottom electrodes containing seven and six Au layers, 

respectively. The number of h-BN layers was varied to examine size-dependent 

electrical properties. The three layers of the top (bottom) Au electrodes next to the 

h-BN layers and all h-BN layers were fully relaxed until the force was reduced to less 

than 0.06 eV/A, prior to performing the NEGF calculations. The contact geometry is 

shown in Figure 21 (b).  

The static dielectric constant is related to the capacitance density per unit 

area through Eq. (1). We extracted charge density profiles from first-principles 

calculation through an averaging process described in 25. An example profile is 

shown in Figure 21 (c) whereas the corresponding slap geometry is shown in Figure 

21 (b). The calculated relative permittivity is displayed along with the experimental 

results in Figure 21 (d). Due to computational limitations on the sizes that can be 

explored by first-principles calculations, only three calculated permittivity values 

are shown, but the trend is in good agreement with the experimental observations. 

According to Eq. (2), the observed anomalous increase in capacitance with 

decreasing size suggests that for this particular system the quantum capacitance is 

negative. This effect arises from many-body interactions due to the fact that the 
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chemical potential of the electrons decreases with the electron density2.  Near the 

thin interface layers, the accumulated electron density overscreens the external 

fields, thus causing an effect opposite to those of the dead layers. For given a 

material system, the sign determination of the quantum capacitance from first 

principles is still ongoing research, and the current material system presents a 

unique example of its ramifications and possibly unprecedented potential in 

electronic applications. 
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Figure 21 The Computational Study of Au-(h–BN)-Au Stacks. (a) Adsorption 

surface geometry of h-BN on (111)-Au surface. Three layers of Au atoms 

(brown) are displayed. The boron and nitrogen atoms are in green and blue, 

respectively. (b)-(c) A macroscopic averaged charge density profile under an 

applied bias of 0.2 Volt. (d) Comparisons between experimental and 

calculated relative permittivity. 
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3.4. MoS2-Silicon p-n Junction Photo-Detectors 

The possible junction formation between a two-dimentional material and a 

convention bulk materials is still with a lot of un-answered questions. This is 

another efforts mine putting into the fundamental research of the heterostructure 

photonics devices. The photodiode of MoS2 and Si is achieved by transferring CVD 

grown MoS2 onto patterned SiO2/Si with selectively exposed p-type Si areas. I 

designed the fabrication process as Figure 22a shows  i) The SiO2/Si substrate (285 

nm thermal oxide and p-type doped Si) is patterned using photolithography 

(photoresist, S1813) followed by buffered HF (10:1) etching for 8 min to expose 

fresh p-type Si surface. The photoresist was stripped using hot acetone and 

isopropanol (IPA).  ii) The MoS2 was transferred from original growth substrate to 

the patterned SiO2/Si substrate with MoS2 across the boundary of SiO2 and the 

exposed p-type Si using a standard PMMA assisted transferring process and then the 

PMMA was removed using hot acetone and IPA. iii) The drain and source electrodes 

(Ti/Au, 5/35 nm) were fabricated using photolithography with one electrode sitting 

on MoS2 over SiO2 side and the other electrode attaching to Si, forming an out-of-

plane p-n heterojunction. 

 

By controlling the CVD process, I am able to synthesize not only triangular-

shaped mono-layer MoS2 crystals (Figure 22b) but also large-scale monolayer MoS2 

thin films (Figure 22c). Figure 1d and inset show SEM and optical images of MoS2-Si 

junction device with Ti/Au electrodes attaching to MoS2 on top of SiO2 surface. The 
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other Ti/Au electrode which is attached to the exposed Si is not shown in this image. 

It is important to note that the MoS2 monolayer is highly flexible. Figure 22e and 

Figure 22f show SEM images of a MoS2 flake on an etched Si substrate with a cross 

shape. Magnified image of the SiO2 edge (height = 285 nm) clearly demonstrates 

that the MoS2 monolayer attached tightly to both horizontal Si plane and the vertical 

edge of SiO2 making the whole film continuous and smooth over steps (no 

suspended or a broken structure at the edges of the steps, Figure 22f). The atomic 

force microscopy image shown in Figure 1g, along with the inserted height profile 

captured from the edge of the film (thickness is 0.66 nm), directly supports the 

single-layered uniformities over the films. The high-resolution scanning 

transmission electron microscopy (STEM) image (Figure 22h) further proved the 

monolayer structure of MoS2. The hexagon lattice structures with alternating atomic 

arrangement of Mo and S shall further testify the high-qualify of the MoS2 used in 

this report.  

The photoluminescence (PL) mapping and spectra of the films are shown in 

Figure 22i and j. The PL mapping image shown in Figure 1i illustrate a great 

attenuation of PL intensity on the MoS2-Si junction area. whereas the PL (Figure 1j)  

spectra of MoS2 on both SiO2 and Si show almost same peak locations and the full 

width at half maximum (FWHM) to the results reported by mechanical exfoliation 

methods. The intensity of the photoluminescence signal in heterojunction area 

decrease by 86.7% compared to isolated MoS2 monolayer without significant PL 

peak shifting, indicating Si substrate does not change the bandgap of MoS2. Instead, 
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Si serves as a quenching route of luminescence centers of MoS2. The similar 

phenomenon was also observed in others’ van der Waals heterostructure with 

atomically thin p-n junctions such as MoS2-WSe2 heterostructure, MoS2-p+. 

 

  



 
81 
 

 

Figure 22 MoS2-Si heterojunction.  (a) The schematic of fabrication of MoS2-Si 

heterojunction. Optical images of CVD grown triangular shaped MoS2 

monolayer (b) and continuous film with predominantly monolayer (c). (d) 

SEM  and optical (inset) image MoS2-Si junction with Au contact pad. (e) and (f) 

Tilted angle SEM image of MoS2 transferred to a cross-shaped Si patterned 

showing continuous MoS2 at the edge of SiO2steps (285 nm in thickness). (g) 

Atomic force image of triangular shaped monolayer MoS2. (h) High resolution 

TEM image of MoS2 lattice. Photoluminescence (PL) mapping (i) of MoS2-Si 

junctions and representative PL spectra of MoS2 on Si and on SiO2 (j). Scalar 

bars: 100 µm for (b) and (c), 20  µm for (d) and (inset), 10 µm for (e), 2 µm for 

(f), and 2 nm for (h). 
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As shown in Figure 23a, a diode-like behavior was defined in an I-V 

measurement under dark.  Upon illumination, photocurrent can be generated with 

both forward and reversed bias (Figure 23b). First, we have performed the time-

resolved photocurrent speed measurements with modulated 543 nm CW laser 

excitation. We measured the decay of the photocurrent by oscilloscope as shown in 

Figure 23b and c for reversed bias (-2V) and forward bias (2V) respectively. It is 

important to note that, at reverse bias, we could see a sharp decrease immediately 

(~XX us) after turning off the laser followed by a very slow decay with a time 

constant  of 159.2 s.  However, at forward bias, only the very slow decay can be 

defined with a time constant of 183.8s which is close to the slow decay at reverse 

bias. By comparing the decay behaviors, the sharp decrease at the reversed bias can 

be attributed to the depletion of charge carrier separated by the build-in potential. 

The slow decays found in both forward and reverse bias suggest the existence of 

trap states at the heterojunction which could contribute to the ultra-high extremal 

quantum efficiency in 2D material heterojunctions. To further discriminate the 

influence build-in potential and trap, we use modulated laser chopped by 

mechanical chopper to excite the heterojunction and measure the time-resolved 

photoresponse at different bias. At reversed bias (-2 V), strong built-in electric field 

can effectively separate the electron hole pairs and at chopping frequency of 600 Hz, 

the square shaped wave can be maintained (Figure 23d). The time constant, t, is 

calculated to be 15.2 µs (6.58×104 Hz). The rise time is 20 µs and the fall time is 38 

µs. This is the fastest photodetector based on 2D materials. At zero bias, a weak 

modulation can be maintained at the chopping frequency of 20 Hz (Figure 23e). 
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However, at forward bias (2 V), no modulation can be observed upon the 

attenuation of build-in electrical field. The missing modulation at forward bias 

confirms the retarded nature of photoresponse from trap states (Figure 23f).  

This modulation experiment is especially meaningful for designing the 

following photocurrent mapping experiments. It suggests that the mapping results 

are not only influenced by the applied bias (related to build-in electrical field), but 

also the modulation of laser or the speed of measurement (related to sensitivity of 

trap states). Therefore, we have designed two different mapping modes: high speed 

measurement equipped with modulated laser chopped by mechanical chopper and 

lock-in amplifier to measured spatial distribution of photoresponse around the 

heterojunction and low speed measure with constant laser and source meter to 

identify the trap centers. 
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Figure 23 Time-resolved photoresponse of MoS2-Si heterojunction. (a) A 

typical I-V measurement under dark and with 543 nm laser exposure. Time-

resolved photoresponse at reverse (- 2 V) and forward bias (2 V) (b) and (c). 

The time-resolved photoresponse measurements with modulated laser at 

reverse bias (-2 V) and 600 Hz chopping frequency (d), at zero bias (0 V) and 

20 Hz chopping frequency (e), and forward bias (2 V) and 20 Hz chopping 

frequency (f). The time constant at reverse bias is 15.2 µs. 
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In the current study, I used MoS2 monolayer to enable a more detailed observation 

of spatial distribution of photoresponse. As shown in Figure 24a, a large-sized CVD 

grown MoS2 monolayer was transferred to patterned SiO2/Si substrate with 

exposed p-type Si trenches (20 µm in width). As shown schematically, the 

measurement was performed by connecting the one electrode to Si (an electrode far 

away from the scene) and upper contact pad on MoS2. Similar mapping results can 

be defined by attaching the electrode to the lower contact pads. I scanned the 

devices surface area with an unpolarized monochromatic laser (514 nm) focused to 

~ 2 μm diameter at its FWHM and the photocurrent was measured by a lock-in 

amplifier (Signal Recovery, 7280DSP). The spatial distributions of photoresponse 

within a 120 ×120 µm2 square at reversed bias (-1 V), zero bias, and forward bias (1 

V) are shown in Figure 24c and e. The unit of photocurrent is nanoampere. Strong 

photoresponse can be observed at the MoS2-Si heterojunction with reverse bias and 

a perfect match between responsive region and the contour of heterojunction can be 

defined. Photoresponse attenuates greatly with zero bias and no photoresponse can 

be observed at forward bias. A close look at the spatial distribution of 

photoresponse suggests that photoresponse is not uniformly distributed and several 

dark spots can be found within the glowing heterojunction (Figure 24c and f). This 

non-uniformity can be identified at zero bias with weak signals (Figure 24d and g). 

These dark spots may be attributed to the existence of tiny separation between 

MoS2 and Si, possible contamination, defect on the Si surface or in MoS2 and etc. The 

attenuation of photoresponse can be explained by band diagram in Figure 24h to j 
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where the attenuated build-in electrical field minimized the ability to separate the 

excited charge carriers. 
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Figure 24 Photocurrent mapping of MoS2-Si heterojunction using modulated 

laser (514 nm) and a lock-in amplifier. (a) An optical image of MoS2-Si 

junction. The profiles of MoS2 and Si trench are defined by red dash lines and 

white dash lines, respectively. Scale bar, 20 µm. (b) A I-V curve of device 

showing typical diode behavior. (c) to (g) Photocurrent mappings are 

performed in a 120 µm ×120 µm area at reverse bias of -1 V (c) and (f), zero 

bias (d) and forward bias of 1 V (e) and (g). The photocurrent unit is 

nanoampere. (h) to (j) The band diagram of heterojunction at different bias. 
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As I have demonstrated previously, the slowly changed photocurrent is originated 

from the trap states. Trap states play important roles in photoresponse of two 

dimensional materials. It is believe to be one of the major reasons for ultrahigh 

external quantum efficiency of 2D materials.  A typical photocurrent mapping setup 

using modulated laser and lock-in amplifier is not capable in this case due to the 

slow response from these traps. We have designed a new photomapping mode in 

which we use a  CW laser (514 nm, ~ 2 μm diameter at its FWHM) and the current 

was collected by a source meter at a fixed bias as shown in Figure 25a. The 

measured current is the overall current passing the device. As shown in Figure 25b 

and c, Strong photoresponse can be defined at the MoS2-Si heterojunction with both 

forward (- 0.5 V) and reverse bias (0.5 V).  The collected photoresponse at forward 

bias suggests that the trap states are located at the interface between MoS2-Si. The 

uniform distribution of the trap states excludes the possibility of contamination 

which is rather random in nature. Also, the Si junction is prepared by removing the 

thermal dioxide using buffered oxide etchant. The fresh exposed Si surface on the 

target substrate is terminated with hydrogen and the target substrate was protected 

in isopropanol before the transferring process. Thus, the thin oxide regrown on the 

Si surface is not likely to be the origin of trap states. Therefore, these trap states are 

rather inherent nature of heterojunction between MoS2 and Si. 

 

I further investigated the mechanism of excitation and carrier transport at the 

heterojunction and the roles of MoS2 and Si in the photoreaction. I focused the laser 

only on the MoS2-Si heterojunction and investigated the photocurrent excited by 
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three different wavelengths: 514nm, 633nm and 785nm while maintaining the 

similar laser power. The photocurrent is directly measured using a source meter 

(Keithley 2400). Figure 26a compares the photoresponse of the heterojunction 

under darkness and the three wavelengths. It clearly shows that the photocurrent 

can be generated for 514 nm and 633 nm lasers with energy above the band gap of 

MoS2. However, no observable photocurrent can be generated by the 785 nm laser, 

which is above the band gap of Si excluding any contribution from Si. Based on this 

phenomenon and the existence of trap states, we proposed a band diagram 

configuration in Figure 26b where a potential barrier in the conduction band 

prevents photoelelctrons generated in silicon from injecting into the MoS2 layer. For 

the 785 nm laser, there is no electron-hole pair from the MoS2 side, and excess holes 

from Si cannot overcome the barrier at the valance band with a forward bias and 

photoelectrons from Si cannot overcome the barrier at the conduction band with a 

reverse bias. Therefore, the conduction loop cannot form. But if both MoS2 and Si 

could generate electron-hole pairs (for 514 and 633 nm laser), the photoelectrons 

from p-Si and photoholes from MoS2 could be collected with a forward bias. And at 

reversed bias, the photoelectrons from MoS2 and photoholes from p-Si could be 

collected. This experiment emphasizes the irreplaceable contribution of MoS2. The 

limited amount of electron-hole pairs generated at atomically thin layer control the 

knob for the photoresponse of the heterojunction.  
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Figure 25 Photocurrent mapping of MoS2-Si heterojunction using CW laser 

(514 nm) and a source meter. Photocurrent mappings are performed in a 20 

µm ×20 µm area at reverse bias of -0.5 V (b) and forward bias of 0.5 V (c). 

  

2 4 6 8 10 12 14 16 18 20

2

4

6

8

10

12

14

16

18

20

0.000

2.000

4.000

6.000

8.000

10.00

12.00

14.00

15.00

2 4 6 8 10 12 14 16 18 20

2

4

6

8

10

12

14

16

18

20

0.000

2.000

4.000

6.000

8.000

10.00

12.00

14.00

15.00

0.5 V-0.5 V

SiSiO2

MoS2

A



 
91 
 

 
Figure 26 Photoresponse of MoS2-Si junction excited by different lasers. (a) 

The dependence of photocurrent at the MoS2-Si junction with respect to 

different laser wavelength: 514nm (squares), 633nm (dots) and 785nm 

(triangles) with the same laser power intensities. The dark current shown as 

pink crosses overlaps with photocurrent of heterojunction excited by 785 nm 

laser. Inset, a schematic of focused laser on the heterojunction. (b) Band 

diagram of MoS2-Si heterojunction with no excitation and no bias. (c) Band 

diagram of MoS2-Si heterojunction under different lasers and biases. 
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Chapter 4 

Conclusion 

4.1. Summary of Current Works 

After four years’ of continuous efforts, I have successfully accomplished the 

synthesis of graphene-BNC-BN / TMD systems, and the device fabrications of this 

novel materials. For the material synthesis section, I proposed and demonstrated 

two different approaches for h-BN: the direct Chemical Vapor Deposition method, 

and the Topological Conversion method. The quality of the BN/BNC is beyond the 

best results of chemical synthesizing methods ever reported. For TMD system, I also 

proposed and demonstrated the same two approaches, but with very different 

processing specifics. Furthermore, based on the novel and abundant source of good 

materials, I demonstrated many different electronic devices including transistors, 

resonators, capacitors, phonodetectors, sensors, etc. Most of which has surpassed 

it’s silicon-based counterparts, and hinted an extremely exciting revolution of the 

ultra-thin devices. In the past few decades, progress has been made in the digital 

electronics industry driven by scaling transistors. Currently, processors with state-

of-the-art technology have silicon-based metal–oxide–semiconductor field-effect 
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transistors (MOSFETs) with feature lengths of 22 nm. Further reductions in smaller 

scale will soon approach limits because of the statistical and quantum effects and 

heat dissipation controls, motivating the search for new device concepts and 

materials. In particular, I believe the work I have done in the exploration of 2D 

materials are attractive for the research of the next-generation devices.  

 

4.2. Future Roadmaps and Applications 

Flexibility and transparency are very promising features for next-generation 

electronics. Researchers are now turning to graphene, BNC, or TMDCs as ultrathin 

materials with tunable bandgaps that can be made into devices with unique 

flexibility and transparency, which is essentially not feasible in the conventional 

silicon industry. Two-dimensional semiconductors such as MoS2 and others TMD 

family members offered an important upside when compared with classical 3D 

electronic materials. Those materials are with a bandgap typically in the 1–2-eV 

range which can yield with lots of promising attributes including high on/off ratios 

and low energy assumption.  Their mono-atomic layered structure allows more 

efficient control over switching and can help to reduce short-channel effects and 

power dissipation, the main limiting factors to transistor miniaturization.  

To my knowledge, in the next few years, progress in this field will be focusing 

on the large-scale synthesis of the two-dimensional materials, especially focused on 

the thinness, the uniformity, and the defects of the films. For solution-phase 
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preparation, the challenges include how to control the area and thickness of either 

exfoliated or chemically grown flakes, and how to find new methods and chemicals 

that can efficiently and safely produce these materials in large volumes. For solid-

state samples, crystal growth methods need to improve to achieve large areas, large 

grain sizes, uniformity and control of layer number. Access to high-quality samples 

will enable more researchers to better understand the physical and chemical 

properties of TMDCs, as well as pursue a wide variety of applications. The 

properties and applications of 2D TDMC materials are a relatively new but exciting 

and rapidly expanding area of research for the next three to five year, and into the 

future. 
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