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ABSTRACT 

There has been an explosive growth in the study of two dimensional (2D) materials 

governed by van der Waals interaction in the last decade due to their novel electronic, electrical, 

optical, and magnetic properties that were not known or discovered in the past. Those properties 

are strongly affected by their structure and long-range order perfection. A thorough structural 

characterization of 2D materials is the central issue but it has been challenging due to the inherent 

limited amounts of atoms in 2D materials under study. Fortunately, electron interacts strongly with 

matters and allows structure and perfection of 2D materials to be studied. In this thesis the near 

surface sensitive azimuthal reflection high-energy electron diffraction (ARHEED) developed at 

Rensselaer Physics was applied for the first time to map out (1) 2D reciprocal space structures of 

single crystal graphene on amorphous SiO2 and epitaxial Cu(111) substrates and (2) 3D reciprocal 

space structures of monolayer (ML) MoS2 and ML WS2 on sapphire(0001) substrates. The surface 

sensitive high-resolution low-energy electron diffraction (HRLEED) was used to compliment 

ARHEED to study single crystal graphene on Cu(111). Two application studies using RHEED and 

van der Waals substrates are also presented: (1) Single crystal graphene as a buffer layer to guide 

the growth of van der Waals epitaxial SnS film on amorphous SiO2 substrate and (2) 3D CdTe 

epitaxial thin film on mica substrate. 

Through quantitative analysis of the 2D reciprocal space map, one can extract real space 

properties of the 2D material including the symmetry, orientation domain distribution, lattice 

constants, interlayer spacing and average domain size. The 2D reciprocal space maps of graphene 

on Cu(111), homemade single crystal graphene transferred on SiO2/Si substrate, and commercial 

polycrystalline graphene on SiO2/Si substrate clearly show differences in their corresponding 2D 

maps that reveal their orientation domains and wafer scale quality. For MoS2 the corresponding 
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3D map from ARHEED reveals (1) The in-plane and out-of-plane epitaxial relationships with 

sapphire. This is consistent with the prediction of geometrical superlattice area mismatching. (2) 

Monolayer MoS2 and sapphire spacing of ~3 Å. This turns out to be the spacing between MoS2 

and the sulfur passivation layer formed on top of sapphire. This is supported by experimental TEM 

and AFM results as well as first principles density functional theory (DFT) calculations. (3) 

Despite the continuous monolayer coverage of MoS2 on sapphire, the electron diffraction spots are 

unusually broader (~four times) than the instrument response width (~0.1 Å-1). This is supported 

by numerical simulation of incommensurate finite size domains. This may be a generic result for 

transition metal dichalcogenide (TMDC) monolayer on mismatched substrate. 

The HRLEED study of single crystal graphene on Cu(111) reveals that diffraction peaks 

have very similar full-width-at-half-maximums but the average broadening is significantly (~three 

times) larger than the instrument response (~0.03 Å-1). This suggests a noticeable number of 

defects exist within both graphene and copper surface. From the LEED IV curve after an inner 

potential correction, the graphene to Cu(111) surface distance is estimated to be d = 3.49 ± 0.01 

Å. This value is close to that (d = 3.27 ± 0.07 Å) determined by RHEED from multilayer graphene 

and the interlayer spacing of 3.36 Å in graphite. This suggests that the coupling between graphene 

and Cu metal is similar to a pure van der Waals interaction.  

For graphene buffered van der Waals epitaxial tin mono-sulfide (SnS) thin film, the 

RHEED patterns show the (010) orientation near the surface of the SnS film grown on the single 

crystal graphene and a dominant (111) orientation near the surface of the SnS film grown on the 

polycrystalline graphene. Additional minor orientations near the surface were observed by 

RHEED that X-ray diffraction (XRD) is not able to detect. 
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1. INTRODUCTION 

This thesis is divided into five chapters. In Chapter 1, I introduce the overall motivation, 

diffraction basics, brief experimental (growth methods and characterization techniques) and brief 

theoretical simulations (geometrical superlattice area mismatching and first principles density 

function theory) used for the study of 2D materials. The main experimental results of 2D materials 

are covered in Chapters 2, 3 and 4. The Chapter 5 has results of a layered thin film and a 3D thin 

film. Each Chapter starts with its own introduction, followed by sample preparation, specific 

diffraction methodology, experimental conditions, data collection, analysis, discussion, and 

conclusion. The last chapter lists future works worthy of pursuing. 

Chapters 2 presents the results of the 2D reciprocal space maps obtained from ARHEED 

characterization of various graphene samples that include the commercially available 

polycrystalline graphene on SiO2/Si substrate (graphene-supermarket.com) 1 and the epitaxial 

single crystalline graphene grown on Cu(111) substrate using chemical vapor deposition (CVD) 

as well as transferred single crystalline graphene onto the SiO2/Si substrate 2. Chapter 3 presents 

3D maps of TMDCs MoS2 and WS2 grown on sapphire using metal organic chemical vapor 

deposition (MOCVD) as well as their finite size domains extracted from a comparison of simulated 

diffraction spot broadening and experimentally measured diffraction spot broadening. Chapter 4 

presents the HRLEED characterization of graphene on Cu(111).  

1.1 Motivation 

Two dimensional (2D) materials have been extensively studied in recent years because of 

their many novel and unusual electronic and optoelectronic properties 3, 4. Common 2D materials 

include graphene, hexagonal boron nitride, and layered metal chalcogenides (LMCs). When a 2D 

material is grown on a surface, it may form many different 2D textures including single crystal, 
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random polycrystalline, or a texture with a preferred in-plane orientation. The structure of a 2D 

material not only strongly affects the electronic, electrical, and optical properties of the material 

itself but also influences the epitaxial growth of other 2D materials when it is used as a template. 

Therefore, it is of foremost importance to know the structure of 2D materials before their 

applications. However, the structure of a layer or a few-layer thick material is challenging to study 

due to the followings: (1) The number of atoms in the 2D materials is significantly smaller than 

bulk materials. Conventionally researchers have been using X-ray diffraction (XRD) to measure 

the lattice constant and crystal structure of a bulk material. Application of XRD to 2D materials, 

however, suffers from low signal-to-noise ratio because of the weak interaction between X-ray 

and matters. (2) 2D materials themselves can hardly be free-standing. Usually they are grown on 

a substrate or transferred from the growth substrate onto another bulk substrate. This means that 

the effects from the substrate need to be excluded or clearly differentiated during the 

measurements. For example, 2D materials must be transferred onto metal grids before atomic 

resolution imaging by transmission electron microscopy (TEM), which might be a hassle if they’ve 

already formed a heterostructure in an integrated device. (3) 2D materials, synthesized through 

either bottom-up 5-9 or top-down 10-12 methods, usually produce small grain sizes. As a 

consequence, the local (nanometer scale) properties may be different from the global (wafer scale) 

ones. Therefore, the wafer scale uniformity of the 2D materials must be examined in order to study 

other properties and scale up in industrial productions. 

The current push for comprehensive and quantitative characterization of 2D materials as 

grown or transferred onto arbitrary substrates has triggered us to apply electron diffraction in such 

systems. This thesis mainly focuses on the use of reflection high-energy electron diffraction 

(RHEED) and high-resolution low-energy electron diffraction (HRLEED). With the high 
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resolving power in both RHEED and HRLEED, the issues mentioned above can be properly 

addressed. First, the Coulomb interaction between electrons and ion cores in electron diffraction 

is much stronger than the photon-electron interaction in XRD that results in four orders of 

magnitude stronger electron scattering intensity than that of photons, so the signal-to-noise ratio 

can be enhanced by orders of magnitudes. Second, since both RHEED and HRLEED are surface 

sensitive and non-destructive, the substrate effects are attenuated and there’s no need to transfer 

2D materials before its characterization. Finally, the spot size of RHEED electron beam is about 1 

mm. Under a glancing incidence (~1o), the electron beam can span across the entire wafer of more 

than 1 cm. The rich quantitative information contained in the RHEED patterns from a wafer-scale 

2D material sample is equivalent to more than 1 million real space scanning probe microscopy 

images such as atomic force microscopy (AFM) or scanning tunneling microscopy (STM). 

Therefore, RHEED provides the statistical quantitative information of unit cell and long-range 

order. 

1.2 Diffraction Basics 

Diffraction from a 2D lattice is similar to that from a bulk material except there exists no 

Laue condition in the direction perpendicular to the surface. Figure 1.1 shows a schematic of the 

diffraction from a 2D surface lattice with unit vectors a and b. The 𝒌𝒌𝑖𝑖𝑖𝑖and 𝒌𝒌𝑜𝑜𝑜𝑜𝑜𝑜 are the incoming 

wavevector and outgoing wave vector, respectively. The momentum transfer S = 𝒌𝒌𝑜𝑜𝑜𝑜𝑜𝑜- 𝒌𝒌𝑖𝑖𝑖𝑖 and the 

reciprocal space vector 𝑮𝑮(ℎ𝑘𝑘) = ℎ𝒂𝒂𝟏𝟏∗ + 𝑘𝑘𝒂𝒂𝟐𝟐∗ , where 𝒂𝒂𝟏𝟏∗  and 𝒂𝒂𝟐𝟐∗  are reciprocal space unit vectors. 

The two Laue conditions are: 

𝑺𝑺 ∙ 𝒂𝒂𝟏𝟏 = 2𝜋𝜋ℎ,  𝑺𝑺 ∙ 𝒂𝒂𝟐𝟐 = 2𝜋𝜋𝜋𝜋. (1.1) 

For a 2D lattice with N × M number of scatters, the position vector 𝑹𝑹 of an atom is:  

𝑹𝑹 = 𝑛𝑛𝒂𝒂𝟏𝟏 + 𝑚𝑚𝒂𝒂𝟐𝟐. (1.2) 
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The scattering amplitude is given by:  

𝐴𝐴(𝑺𝑺) = 𝐹𝐹(𝑺𝑺) ∙� exp (𝑖𝑖𝑺𝑺 ∙ 𝑹𝑹𝑗𝑗

𝑁𝑁𝑁𝑁

𝑗𝑗=1

). (1.3) 

The structure factor 𝐹𝐹(𝑺𝑺) is: 

𝐹𝐹(𝑺𝑺) = � 𝑓𝑓𝑚𝑚𝑒𝑒−𝑖𝑖(𝑺𝑺∙𝒓𝒓𝑚𝑚)

𝑚𝑚
, (1.4) 

where 𝑓𝑓𝑚𝑚 is the atomic form factor of the mth atom in the basis of a unit cell and 𝒓𝒓𝑚𝑚is the position 

vector of the mth atom in the basis of a unit cell. 

The kinematic (single scattering) diffraction intensity is: 

𝐼𝐼(𝑺𝑺) = |𝐴𝐴(𝑺𝑺)|2 = |𝐹𝐹(𝑺𝑺)|2
𝑠𝑠𝑠𝑠𝑠𝑠2(𝑁𝑁𝑺𝑺 ∙ 𝒂𝒂1/2)𝑠𝑠𝑠𝑠𝑠𝑠2(𝑀𝑀𝑺𝑺 ∙ 𝒂𝒂2/2)
𝑠𝑠𝑠𝑠𝑠𝑠2(𝑺𝑺 ∙ 𝒂𝒂1/2)𝑠𝑠𝑠𝑠𝑠𝑠2(𝑺𝑺 ∙ 𝒂𝒂2/2) . (1.5) 

The center peak intensity is proportional to the square of the number of atoms:  

𝐼𝐼(𝑺𝑺 = 0) ∝ (𝑁𝑁𝑁𝑁)2. (1.6) 

Therefore, it is much more difficult to observe diffraction from 2D materials in which fewer 

atoms are available to scatter the waves than from 3D materials. 

Figure 1.1: (a) Wave scattering parameters and conditions from a 2D lattice. (b) The plane-like 
Ewald sphere (red plane) cut of the reciprocal rods 
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In addition to the peak intensity one can estimate the full-width-at-half-maximum (FWHM) 

of a diffraction spot. Consider a one-dimensional profile in the x direction. For a sufficiently large 

number of scatters N, the intensity rises sharply when 𝑺𝑺 ∙ 𝒂𝒂 approaches 2𝜋𝜋ℎ. The FWHM of the 

peak can be estimated by varying the value of 𝑺𝑺 ∙ 𝒂𝒂 away from its maximum by an ε 13, 

𝑺𝑺 ∙ 𝒂𝒂 = 2𝜋𝜋ℎ + ε, (1.7) 

where ε is the smallest non-zero number, which gives 𝑠𝑠𝑠𝑠𝑠𝑠 �𝑁𝑁ε
2
� = 0. Then one obtains: 

𝜀𝜀 = 2𝜋𝜋/𝑁𝑁. (1.8) 

This means the width ε is inversely proportional to the number of scatters, N, which plays 

an important role in the interpretation of the broadening in RHEED and HRLEED spot analysis. 

1.3 Experimental Methods 

1.3.1 Synthesis 

1.3.1.1 Chemical Vapor Deposition (CVD) Growth of Epitaxial Graphene 

The thermal annealing of the as-deposited Cu(111) films on both sapphire and spinel by 

DC sputtering and the graphene growth were conducted at low-pressure CVD furnace (MTI 

Corporation OTF-1200x). The furnace was designed with a 6” × 56” quartz tube and three 

temperature zones. The Cu film substrates were placed in a ceramic boat and covered with a sheet 

of 25 µm polycrystalline Cu foil (99.98% in purity, Sigma Aldrich) with small openings, in order 

to reduce the Cu sublimation at high temperature and control the gas diffusion rate on the sample 

surface 14, 15. The CVD system was pumped down to ~50 mTorr and purged with high purity Ar 

gas. This flushing procedure was repeated three times. Then the system pressure was slowly 

increased to 50 ± 5 Torr by adjusting the pressure valve during temperature ramping up. In the 

meantime, 200 sccm Ar and 35 sccm H2 were kept feeding through the tube. After ~40 min, the 

temperature ramped up to the anneal temperature of 1020 °C. The annealing time was 15 min. 
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After thermal annealing, the graphene growth was activated at 1020 °C by introducing methane 

(CH4, 10 sccm) into the furnace. In a typical run, the graphene growth time was 30 min. After the 

growth, the CH4 gas feed was immediately turned off. The furnace lid was opened to allow a rapid 

cooling. Meanwhile the Ar and H2 gases kept flowing till the furnace reached room temperature. 

1.3.1.2 Graphene Transfer 

 The graphene transfer followed the standard polymethyl methacrylate (PMMA, 

MicroChem 950 A4)-mediated method 16, 17. In brief, the graphene surface was spin-coated five 

times with PMMA (spun at 1500 rpm for 60 s and baked at 120 °C for 10 min in between each 

spin coating), then immersed in the ammonium persulfate solution (3.0 g in 50 mL deionized 

water) for 24 - 48 hours to dissolve the Cu. Note the Cu film was sandwiched in between 

sapphire/spinel and PMMA. As a result, the etching was diffusion-limited and took longer than 

those using Cu foils as substrates. Once released from Cu, the PMMA-graphene stack was rinsed 

several times in deionized water, and then scooped out using a pre-cleaned silicon wafer with 50 

nm thermal oxide. The PMMA-graphene-substrate stack was dried in air and baked at 150 °C for 

15 min, followed by dissolving the PMMA protection film in acetone. Finally, the graphene film 

was rinsed with isopropanol and dried with nitrogen gas.  

1.3.1.3 Metal Organic Vapor Deposition (MOCVD) Growth of MoS2 

Monolayer MoS2 was deposited on epi-ready 2-inch c-sapphire substrate by gas source 

chemical vapor. Uniform monolayer deposition was achieved in a cold wall horizontal reactor 

equipped with wafer rotation. The sapphire substrate was heated on an inductively heated graphite 

susceptor. Molybdenum hexacarbonyl (Mo(CO)6) and hydrogen sulfide (H2S) were used for the 

growth. Mo(CO)6 was maintained in a stainless steel bubbler at 10 °C and 950 Torr to achieve the 

required vapor pressure. H2 carrier gas was passed through the bubbler at a flow rate of 10 sccm 



7 
 

which was used to deliver a Mo(CO)6 flow rate of 3.6 × 10-2 sccm into the reaction chamber. 400 

sccm of H2S was used for the process. MoS2 deposition was carried out at 1000 °C and 50 Torr in 

H2 ambient. The substrate was first heated to 1000 °C in H2 and maintained for 10 min before 

introducing the precursors for 18 min to achieve monolayer growth. The reactor was then cooled 

down in H2S till 300 °C to inhibit decomposition of the MoS2 films. At 150 °C the system was 

pumped down and purged with N2 to remove any toxic gases before unloading the wafer.  

1.3.1.4 Thermal Evaporation Deposition of SnS 

According to the vapor phase diagram, the SnS evaporates congruently during deposition 

by thermal evaporation 18. This makes thermal evaporation a desirable method to grow SnS thin 

film. The advantage of using thermal evaporation of SnS is that thermal evaporation introduces 

negligible disorder in the single layer graphene as compared with other deposition techniques such 

as sputtering, e-beam, and pulsed laser depositions as shown by Raman spectra 19. The SnS film 

was grown on graphene/SiO2/Si(100) substrate by evaporating SnS powder (Sigma Aldrich, purity 

≥ 99.99%) placed in an alumina coated tungsten basket with the top opening diameter of about 1 

cm (R.D. Mathis). The substrate was mounted about 15 cm above the SnS source. The base 

pressure of the vacuum chamber was 5 – 7 × 10-7 Torr. Before a deposition, the substrate was 

heated to 280 oC from the backside with a ramping rate of 20 oC/min using a double ended halogen 

lamp (Ushio, FCL, J120V-500W) with a rectangular reflector (8 cm × 12 cm) installed inside the 

vacuum chamber. A schematic of the experimental setup of the thermal evaporator is shown in 

Fig. 1.2(a). During the deposition, the temperature of the substrate surface was maintained at 283 

– 286 oC, which was monitored using a type K thermocouple (Nickel-Chromium/Nickel-Alumel) 

attached to the substrate surface. The deposition rate was about 0.6 – 0.8 Å/sec according to a 

quartz crystal monitor (QCM) with a gold coated quartz monitor crystal (Inficon, 008-010-G10). 
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After the deposition, the lamp was turned off immediately. The substrate and the deposited SnS 

film were cooled down naturally. Both SnS films of about 500 nm thickness were deposited 

simultaneously on the polycrystalline and single crystal graphene substrates using this system. Fig. 

1.2(b) shows a schematic of the layered structure of the SnS on graphene/SiO2/Si(100) sample. 

1.3.1.5 Vapor Transport Deposition (VTD) Growth of CdTe 

CdTe thin films were deposited on mica substrates (SPI Grade V-4) by vapor transport 

deposition (VTD) method in a horizontal vacuum quartz tube furnace (Lindberg 59744-A) with 

three heating zones. The 2nd heating zone was located at the middle of the furnace. CdTe powders 

(Sigma Aldrich, purity ≥ 99.98%) of 0.2 g was weighed and separated into two halves. Each half 

of powders was spread evenly in an alumina boat (0.5” × 3.5”) before positioned at the center of 

the 2nd heating zone. Mica substrate was placed on a customized graphite ingot support shaped 

with a ~35o inclination angle, which is part 9 in the schematic drawing in Fig. 1.3. The purpose of 

designing this ~35o inclination is to achieve the best temperature uniformity since there’s both 

vertical and horizontal temperature gradient inside the quartz tube.  This graphite support was 

positioned at ~15.5 cm downstream away from the center of the 2nd heating zone. The quartz tube 

Figure 1.2: (a) A schematic of the thermal evaporator setup.  Major components are labeled by 
numbers. 1. Glass chamber wall, 2. Substrate holder, 3. Substrate, 4. Source boat holder, 5. SnS 
powder source, 6. Light reflector, 7. Halogen lamp, 8. Substrate clamp, 9. Thermocouple wires, 

10. Alumina coated tungsten basket. (b) A schematic of SnS layer on graphene/SiO2/Si substrate. 
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was then sealed and evacuated to ~5 mTorr during the growth. The temperature at the CdTe source 

powders is 600 ± 10 oC, while the temperature at the mica substrate was 370 ± 10 oC. The 

temperature at the CdTe source powder was read from a thermocouple that is integrated in the 

furnace. The temperature at downstream had been calibrated as a function of the distance away 

from the center with an external thermocouple. The ramp-up time from room temperature was 40 

minutes and the growth lasted 10 minutes. After the furnace naturally cooled down to ~160 oC, the 

substrate with CdTe deposition was then taken out. A schematic of the VTD setup is shown in Fig. 

1.3. 

1.3.1.6 Exfoliation of CdTe Film From Mica 

One of the merits of a 2D material is the 2D material can be easily exfoliated from its bulk 

form or the growth substrate due to the weak van der Waals bonding at the interface 20, 21. The 

CdTe thin film has been successfully exfoliatedfrom the mica substrate using a combination of the 

capillary force from water and the adhesive force exerted by the epoxy. A typical vapor transport 

deposited CdTe film on mica substrate has a rough surface that is not suitable for RHEED or 

HRLEED studies. However, due to the very smooth surface of mica, if the CdTe film grown on it 

can be exfoliated off, the exposed CdTe surface at the interface would stay smooth, making it more 

suitable to be characterized by RHEED or HRLEED. In addition, the CdTe film must be supported 

by a rigid substrate like a piece of silicon wafer, with the smooth CdTe-mica interface facing up 

for electron diffraction after the exfoliation. In addition, a conductive epoxy was used to avoid 

charging during the RHEED or HRLEED measurements. 

A schematic showing the process of CdTe exfoliation from a mica substrate and supported 

on a Si substrate is in Fig. 1.4. The exfoliation process starts with the as-grown CdTe film on a 

mica sample. Two parts of conductive epoxy (H-22 EPO-TEK, Ted Pella with low outgassing rate) 
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were mixed with a 100:4.5 mass ratio and then spin coated onto the CdTe surface with 5000 

revolutions per minute (RPM) for 1 minute. The epoxy took ~8 minutes to cure at 150 oC on a 

hotplate. Before that, a thin layer of epoxy was coated on a silicon wafer. After the epoxy was 

cured, the epoxy coated CdTe/mica sample was flipped 180o and attached to the epoxy coated 

silicon wafer, letting the cured epoxy on CdTe make a seamless contact with the uncured epoxy 

on the silicon wafer. The whole sample was then put on the hotplate for ~8 minutes again at 150 

oC to cure the second layer of epoxy on the silicon. Then the next step was to cut away the edge 

parts of the mica substrate to make the interface between epoxy and the CdTe film accessible to 

the water. After that, the sample was held with a tweezer and slowly put into the water with an 

inclination angle of about 45o. During this process, the CdTe layer was separated from the substrate 

by the capillary force from water and could be easily peeled off. 

1.3.2 Characterization 

1.3.2.1 Atomic Force Microscopy (AFM) 

AFM is an excellent tool for microscopic topography studies of various surfaces. It uses a 

cantilever with a sharp tip. As the tip is brought close to the surface, it experiences an attractive or 

repulsive interaction, depending on the distance between the tip and the surface. This force causes 

the cantilever to deflect towards or away from the surface, which is detected by recording the 

position of a laser beam reflected off the cantilever on a position-sensitive photo diode. When the 

repulsive force dominates, the AFM works in the so-called contact mode, while in the non-contact 

mode the attractive force dominates. Figure 1.5(a) depicts the relationship between the inter-

atomic force and the tip to surface distance in a typical AFM. 

In the contact mode AFM, the force between the tip and the sample is held constant. This 

is realized by moving the Z-scanner up and down through a feedback control circuit which takes 
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the deflection of the cantilever as an input. Therefore, the surface topography is generated from 

the Z-scanner’s motion. In the non-contact mode, the cantilever is mechanically vibrated by a 

bimorph. The cantilever’s intrinsic resonant frequency f0 can be measured by the bimorph’s drive 

frequency that corresponds to the maximum vibration amplitude of the cantilever. During AFM 

measurements, however, the resonant frequency will shift to a lower value feff because of the 

attractive force between the cantilever and the sample surface. The vibration amplitude measured 

at a drive frequency (f1) slightly larger than f0 will therefore be reduced by ∆A (change of 

amplitude), which reflects the distance (d) between the cantilever and the sample surface. The 

surface topography is then generated from the Z-scanner’s motion that keeps d constant using a 

feedback mechanism taking ∆A as an input. Figure 1.5(b) shows the vibration amplitude vs. drive 

frequency with and without a tip-surface interaction.  

The AFM used in this thesis is a Park Systems XE100 model. The AFM tip (µmash, HQ: 

CSC17/AlBS) used for contact mode had a tip radius of 8 nm, a force constant of 0.18 N/m, and a 

resonant frequency of 13 kHz. The tip (µmash, NSC16/F/Al BS) for non-contact mode had a tip 

radius less than 10 nm, a force constant of 41.5 N/m, and a resonant frequency of 170 kHz. 

Figure 1.5: (a) van der Waals interaction force vs. tip-surface distance for a typical AFM. (b) 
Vibration amplitude vs. drive frequency with and without a tip-surface interaction. 
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1.3.2.2 Reflection High-Energy Electron Diffraction (RHEED) and Azimuthal RHEED 

RHEED is a technique that characterizes the surface of crystalline materials using 

diffraction of high-energy electrons. It was first performed by Nishikawa and Kikuchi in 1928 22. 

Typically, the electrons are accelerated to 10 to 30 keV and then hit the surface of the sample with 

a glancing incident angle. The mean-free-path of such electrons is ~10 to 20 nm. With a 1~2 

degrees incident angle, the penetration depth is less than 1 nm. This makes RHEED an very 

surface-sensitive technique. Figure 1.6(a) shows the setup of the RHEED system used in this thesis 

work. RHEED is usually a standard component in molecular bean epitaxy (MBE) systems to 

monitor the growth rate by measuring the intensity oscillation 23, 24. Apart from that, RHEED is 

also a very powerful tool to study surface structures 25, 26. From an individual RHEED pattern we 

can obtain not only the lattice constants but also its crystal symmetry. A complete surface texture 

characterization can be done using RHEED pole figure 27-29 for bulk materials and azimuthal 

RHEED (ARHEED) 1, 2 for 2D materials. ARHEED enables sample rotation during measurement 

using a stepping motor. A schematic of the sample holder is shown in Fig. 1.6 (b). In order to probe 

the entire upper half of the reciprocal space during the construction of pole figure or 2D reciprocal 

space map, the sample was rotated azimuthally with a 1.8o step size from 0o to 180o in 100 steps 

and the corresponding RHEED pattern was recorded at each incremental step by the digital camera 

facing the phosphor screen outside the RHEED chamber. 

1.3.2.3 High-Resolution Low-Energy Electron Diffraction (HRLEED) 

Low-energy electron diffraction (LEED) was discovered by Davisson and Germer in 1927 

30 and further developed by others in 1930s 31 and has become a popular technique in Surface 

Science. Electrons with energies in the range of 50 to 300 eV are used in LEED, which makes it 

extremely surface-sensitive. It has been used to determine many surface properties including 
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crystalline quality, size of unit cells, and type of reconstruction 32, 33 and has achieved great success. 

Figure 1.7(a) shows the electron optics of a typical LEED system. High-resolution LEED 

(HRLEED) developed by Professor Henzler’s group in Germany is a variation of the conventional 

LEED technique. The HRLEED has 10 times higher resolution than a conventional LEED 

diffractometer. The HRLEED consists of a single crystal tungsten tip, a fine focus electron gun, 

an electrostatic deflection unit (octupoles) and a high gain channeltron electron detector 34. 

HRLEED allows analysis of the surface morphology through the intensity profile of the diffraction 

Figure 1.6: (a) Schematic of the RHEED system: 1. X-axis micrometer, 2. Y-axis micrometer, 3. 
Z-axis micrometer, 4. Azimuthal rotation manipulator, 5. Tilt micrometer, 6. Vacuum chamber, 
7. Phosphor scree, 8. Stainless steel vacuum hose to the turbo pump, 9. Electron gun, 10. Digital 
camera, 11. X-ray photoelectron spectroscopy (XPS) cylindrical mirror analyzer, 12. Ion pump. 
(b) Schematic of the sample holder for the RHEED system: 1. Central shaft, 2. Stepping motor, 

3. Stepping motor shaft, 4. Sample tilt-adjust screws, 5. Sample tilt-adjust stage, 6. Sample. 
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spots. Lattice parameters or size of unit cell can be determined with an accuracy of up to 0.02 Å. 

Due to the high coherence of the electron beam, morphological features up to 2000 Å in size 

(transfer width) could be detected 35. Figure 1.7(b) shows a schematic of the HRLEED electron 

optics and Fig. 1.7(c) shows the layout of the HRLEED vacuum chamber that was used in this 

thesis work. 

1.3.2.4 X-ray Diffraction (XRD) 

XRD has been a renowned technique to determine the crystal structures since its invention 

by Max von Laue in 1912 36. Researchers typically use θ/2θ (θ is the incident angle) scans to 

determine the structure and lattice constant, azimuthal ϕ scans to determine the crystal in-plane 

orientation dispersion, rocking curves to characterize the out-of-plane orientation dispersion, and 

pole figures to determine the texture of the sample. All XRD in this thesis were carried out usinga 

Bruker D8 Discover diffractometer at the Center for Biotechnology and Interdisciplinary Studies 

at RPI. The Cu Kα X-ray source used had a wavelength of 1.5405 Å. A point detector with a 0.01o 

scanning step size and a 0.1 sec counting time at each step was used to collect the X-ray diffraction 

theta-2theta (θ-2θ) scans. The scanning step size for the rocking curve was 0.002o. The incident beam, 

detector, and anti-scatter slits used all had a 0.6 mm width. XRD pole figure measurements were carried 

out using the same X-ray diffractometer with a 1o step size in both azimuthal angle (φ) and sample tilt 

angle (χ). 

1.3.2.5 Transmission Electron Microscopy (TEM) 

TEM has been utilized to study the interface between the monolayer MoS2 and the sapphire 

substrate. The TEM samples were prepared by collaborator at Penn State University using a 

focused ion beam (FIB) technique in FEI SEM Helios Nanolab 660. The HRTEM imaging 

condition for the cross section of MoS2/sapphire interfaces was tuned to a negative Cs to provide 

white atom contrast at a slightly over focusing. Aberration-corrected scanning TEM (STEM) 
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imaging and electron dispersive spectroscopy EDS (using a SuperX EDS detector) were performed 

by FEI Titan G2 60-300 microscope, operating at 80 kV with a double spherical aberration 

correction, offering a sub-angstrom imaging resolution. A high-angle annular dark field (HAADF) 

detector was used for the ADF-STEM imaging with a collection angle of 51-300 mrad, a beam 

current of 45 pA, and a beam convergence angle of 30 mrad (C2 aperture of 70 μm) for STEM 

image acquisition. 

1.3.2.6 Other Characterization Techniques 

Additional ex situ techniques used for surface morphology, crystal texture structure, 

chemical composition and vibrational modes characterization are briefly described below. 

The scanning electron microscopy (SEM) images were obtained using the ZEISS SUPRA 

55 model. The electron backscatter diffraction (EBSD) characterizations for near surface texture 

were carried out with a Karl Zeiss Ultra 1540 EsB SEM-FIB system integrated with a NordlysNano 

EBSD Detector (Oxford Instruments). A 15 kV electron beam was used to scan the sample surface 

with an area of 5.0 µm × 5.0 µm, a working distance of 18 mm, and a sample tilting angle of 70°. 

The scanning step size was set at 125 nm. The crystallographic orientation data was collected using 

the Aztec 2.1 EBSD data acquisition software and post-analyzed using the HKL Channel 5 Mambo 

software (Oxford Instruments) for the crystallographic orientation mapping, the grain boundary 

misorientation estimation, and the pole figure plotting. An Auger electron spectroscopy (AES) for 

surface chemical composition has been integrated in the HRLEED chamber. A cylindrical mirror 

analyzer (CMA) was used to detect the Auger electrons. Incident electrons were accelerated to 2 

kV with 2 mA emission current. The energy step size was 0.5 eV and the time per step was 100 

ms. Raman spectra for vibrational modes were collected using a Renishaw 2000A Raman 

microscope system. The laser wavelength and power used were 785 nm and 2 mW, respectively. 
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The integration time was 10 s and the laser spot size was 5 µm × 20 µm. The step size used in the 

Raman scattering data collection was 1 cm-1.   

1.4 Calculation and Simulation 

Some experimental data were analyzed by geometrical superlattice area mismatching 

modeling and first principles density functional calculations are briefed below. 

1.4.1 Geometrical Superlattice Area Mismatching (GSAM) 

The GSAM simulation 37, 38 has been used to investigate all possible orientational 

alignments between LMC and c-sapphire. In the simulation, generally, one defines u1 and v1 (u2 

and v2) as the LMC overlayer (c-sapphire substrate) superlattice vectors separated by angle, α1 (α2). 

All superlattices possibly formed between LMC and c-sapphire are calculated by adjusting the 

rotation angle (φR) from 0° to 360°, where φR is defined as the angle between LMC [112�0] and c-

sapphire [112�0] directions. Two criteria are used in the calculation to determine the relative 

likelihood of observing a superlattice at a given φR: (1) the superlattice area of LMC, A1 (the 

superlattice area of c-sapphire, A2) should be small to increase the density of coincident lattice 

sites; (2) the mismatch between two superlattices areas A1 and A2, denoted as ∆A, should be small 

to minimize the heteroepitaxial system’s interfacial strain energy. The ∆A is defined as ∆A = A 

(∆u/u + ∆v/v + ∆α/tanα), where ∆u = |u1-u2|, ∆v = |u1-u2| and ∆α = |α1-α2| are the differences in 

superlattice parameters between the LMC and c-sapphire, and A ≈ A1 (or A2), u ≈ u1 (or u2), v ≈ v1 

(or v2), α ≈ α1 (or α2). Following limits are set to exclude those improbable rotation angles for 

forming superlattices: ∆u/u < 5%, ∆v/v < 5%, and ∆α/α < 5%, and A1 (A2) < 200 Å2. Based on 

these criteria mentioned above, the rotation angle φR associated with the smallest values of A1 (A2) 

and ∆A represents the most favorable condition for a superlattice to form at the interface. 
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1.4.2 Density Functional Theory (DFT) Calculations 

The DFT calculations were carried out with the Vienna ab initio Simulation Package 

(VASP) 39. The core electrons were described by the projector-augmented-wave (PAW) method 

40 and the electron exchange and correlation were modeled within the generalized gradient 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) form 41. The non-local optB86b-

vdW exchange-correlation functional was used to describe the dispersion interaction (vdW forces) 

42, 43. The plane wave basis kinetic energy cut off was set to 400 eV. For the construction of a 

supercell in DFT calculations, the experimental and GSAM simulated results were used as 

references.  
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2. ARHEED CHARACTERIZATION OF GRAPHENE 

2.1 Introduction  

2.1.1 Motivation 

 Owing to its remarkable physical properties, such as high carrier mobility, high thermal 

conductivity and electrical conductivity, and high optical transparency, graphene has attracted 

worldwide attentions since Geim and Novoselov made the big splashing discovery in 2004 20. 

Since then, great efforts have been devoted to fabricate high quality graphene which has 

characteristics of single crystallinity, monolayer, and scalability 44-51. Among these qualities, single 

crystallinity is of foremost importance. Bilayer and few-layer graphene, if grown in a controlled 

manner, might have special interests as some researchers have purposely pursued them 52-55. 

Polycrystalline graphene has often been considered undesirable for electronics because the grain 

boundaries would undermine those expected extraordinary properties obtained from single crystal 

graphene.   

Reflection high-energy diffraction (RHEED) 56 has been chosen to study the symmetry and 

perfection of graphene in this thesis, because the charging issue is more forgivable in RHEED 

compared to low-energy electron diffraction (LEED). In RHEED, energy ranging from several 

keV to tens of keV is used. Depending on the substrate used, the charging effect on the integrity 

of the diffraction pattern can be reduced substantially. A good common example is graphene on 

 
Portions of this chapter previously appeared as: Xiang, Y.;  Guo, F.-W.;  Lu, T.-M.; Wang, 

G.-C., Reflection high-energy electron diffraction measurements of reciprocal space structure of 
2D materials. Nanotechnology 2016, 27 (48), 485703. 

Portions of this chapter previously appeared as: Lu, Z.;  Sun, X.;  Xiang, Y.;  Washington, 
M. A.;  Wang, G.-C.; Lu, T.-M., Revealing the Crystalline Integrity of Wafer-Scale Graphene on 
SiO2/Si: An Azimuthal RHEED Approach. ACS Appl. Mater. & Interfaces 2017, 9 (27), 23081-
23091. 
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an oxide layer on a Si substrate. If the oxide layer thickness is on the order of tens of nm to 

hundreds of nm, RHEED can give an excellent diffraction pattern while LEED may not. However, 

in a conventional RHEED configuration, the electrons are incident at a glancing angle with respect 

to the surface and the diffraction pattern only provides limited information on the reciprocal lattice 

structure. RHEED pole figure technique 27-29 was a newly developed method for near surface 

texture characterization of 3D thin films or nanostructures using the transmission mode. This 

technique is used to measure the 3D crystal orientation distribution near the surface but not 

applicable to 2D materials. For 2D materials, RHEED patterns are collected using reflection mode 

from the monolayer. It is possible to obtain the entire reciprocal space structure of graphene by 

rotating the sample around the surface normal and measuring the RHEED patterns as a function 

of the azimuthal angle. Azimuthal RHEED have been employed to map the reciprocal space 

structure of a sample 57-59 to study surfaces and thin film in the past. In this chapter, I will present 

the results of using this method to construct the reciprocal space structure of a graphene on SiO2/Si. 

All 2D structures with limited long-range order produce “streaks” in a RHEED pattern. A 2D 

reciprocal space structure is constructed by measuring the characteristics of streaks as a function 

of momentum transfer parallel to the surface while varying the azimuthal angle. 

2.1.2 Background of RHEED 2D Texture Analysis 

First, we consider a single crystal 2D material. The 3D reciprocal space structure of a single 

crystal 2D material consists of vertical “rods” 56. Figure 2.1(a) shows a schematic of the 3D 

reciprocal space structure of a 2D hexagonal lattice. We label the momentum transfer k = ko - ki, 

where ki and ko are the incident and outgoing wave vectors, respectively. The k in the x, y, and z 

directions are denoted as kx, ky, and kz, respectively. The diffraction intensity along the kz direction 

is uniform and featureless. In RHEED, the wave vector of electrons is large for an incident beam 
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energy ranging from several keV to tens of keV and the Ewald sphere cuts through the rods as 

shown in Fig. 2.1(b). Streaks would form in the RHEED diffraction pattern as shown in Fig. 2.1(c), 

when looking into the -kx direction. The 2D reciprocal space structure can be obtained by looking 

into the -kz direction as shown in Fig. 2.1(d). Experimentally, this can be constructed by plotting 

the RHEED streak intensity as a function of the momentum transfer parallel to the surface while 

varying the in-plane azimuthal angle. 

Figure 2.1: (a) A schematic of the reciprocal space structure of a 2D hexagonal lattice, (b) a 
schematic showing how the Ewald sphere cuts through the reciprocal rods. The curly red arrow 
represents the rotation around the sample normal direction at various azimuthal angle φ, (c) a 
simulated RHEED pattern, and (d) a schematic of the 2D reciprocal space structure of a 2D 

hexagonal lattice looking into the negative kz direction. 
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If a 2D material consists of grains with random in-plane orientations as shown in Fig. 

2.2(a), then the 3D reciprocal space structure will be a set of concentric cylinders around kz axis 

with different radii as shown in Fig. 2.2(b). The RHEED diffraction pattern will show streak-like 

intensity distribution that resembles Fig. 2.2(c). By looking into the -kz direction, the 2D reciprocal 

structure consists of a set of rings with different radii as shown in Fig. 2.2(d). 

Figure 2.2: (a) A schematic of the real space structure of a 2D material consisted of randomly 
oriented grains. The curved red arrows represent random rotated grains and the straight up 

pointing green arrows represent the direction perpendicular to the substrate.  (b) A schematic 
showing the 3D reciprocal space structure of the 2D material and how it cuts through the Ewald 
sphere, the curly red arrow represents the rotation around the sample normal direction at various 

azimuthal angle φ. (c) A simulated RHEED pattern, and (d) a schematic of the 2D reciprocal 
space structure of the 2D material with randomly oriented grains. 
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The two types of 2D materials presented above, a single crystal and a polycrystalline film, 

are extreme cases. Perhaps the more interesting case is a 2D film that is neither single crystal nor 

random polycrystalline. In this case, the 2D reciprocal structure of this 2D material contains broken 

rings and has a preferred in-plane orientation.  

2.2 Experimental 

2.2.1 Graphene Growth and Transfer 

Graphene is perhaps the most well-known 2D layered material. It has been actively 

researched and possesses many remarkable electronic and optoelectronic properties 60. Graphene 

on SiO2/Si (or other substrates) is commercially available. Typically, it is grown by chemical vapor 

deposition (CVD) technique on a Cu foil 61 and then transferred to a SiO2/Si substrate 16, 17. Since 

the Cu foil is not a single crystal, the nucleation of graphene at different regions on the Cu foil 

would possess different orientations. The net result is that the graphene grown on the Cu foil is 

polycrystalline in nature. However, it was shown that the orientation of the graphene grains is not 

completely random. In fact, the grains often show two dominant orientations with a 30o rotation 

with respect to each other and each orientation exhibits an angular spread 62. The structures we 

analyzed are a commercially available graphene film (graphene-supermarket.com) and a 

homemade epitaxial graphene grown on Cu(111) substrate.  

The commercial graphene film was grown by CVD on a Cu foil and then transferred to a 

SiO2(~88 nm)/Si substrate. The homemade epitaxial graphene was grown by low pressure CVD 

on the Cu(111) films that were epitaxially grown on sapphire(0001) and spinel(111) substrates 

using DC sputtering 2 (see details of graphene growth in Chapter 1.3.1.1). The dimensions of both 

graphene samples are 1 cm × 1 cm. RHEED from four different kinds of homemade graphene 

samples will be presented in this chapter in order to compare the effect of substrates and the 
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number of graphene layers on RHEED patterns: a monolayer graphene as-grown on a twin-free 

Cu(111) film, a monolayer graphene as-grown on a twinned Cu(111) film,  a monolayer graphene 

transferred onto a SiO2/Si substrate, and a multilayer graphene transferred onto a SiO2/Si substrate. 

2.2.2 RHEED Data Collection 

For RHEED characterization, the graphene samples were loaded into the RHEED vacuum 

chamber without any prior treatment. See Fig. 1.6 for the experimental setup. The RHEED system 

consists of an electron gun (model RDA-003G) which generates a 20 keV electron beam incident 

at a glancing angle of ~1o on the sample surface. The emission current used was 45 μA. The 

RHEED pattern was projected on a phosphor screen mounted on a 6-in flange which was about 20 

cm away from the sample in a vacuum chamber with a base pressure of 10-8 Torr. The RHEED 

pattern was captured by a digital camera positioned outside the chamber facing the phosphor 

screen. The sample was mounted on a holder with the sample’s azimuthal rotation controlled by a 

stepper motor. In order to probe the entire upper half of the reciprocal space, the sample was rotated 

azimuthally with a 1.8o step size from 0o to 180o in 100 steps and the corresponding RHEED 

pattern was recorded at each incremental step 27, 28. 

2.3 Results and Discussion 

2.3.1 Commercial Graphene 

2.3.1.1 SEM and AFM 

Figures 2.3(a) and (b) show the SEM and AFM images, respectively. The images have the 

same scale bar of 2 µm, but were taken from different places of the graphene. Both SEM and AFM 

images show a dominant single layer graphene with a small number of bi-layer graphene islands 

on top of a continuous layer of graphene. The bi-layer islands are indicated by the arrows in both 

figures. The thickness of the bi-layer island is about 8.4 Å from an AFM line scan along the white 
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dashed line indicated in Fig. 2.3(b). Grain boundaries (the dark, straight lines) and wrinkles (the 

light, wavy lines) of graphene are obvious in both images. The wrinkles are intrinsic of graphene 

due to the thermodynamic instability 63, 64. 

2.3.1.2 RHEED 

Figure 2.4(a) shows a typical RHEED pattern from the commercial graphene sample taken 

at a certain azimuthal angle (ϕ), which we defined as ϕ = 0.0o. The scale bar was calibrated using 

the RHEED pattern of an epitaxial CdTe(100) film on a single crystal GaAs(100) substrate with a 

known lattice constant under the same experimental conditions 65. The pattern shows a strong 

broad streak at the center and two weak streaks at the left side and right side of the center streak. 

The two axes in the yellow coordinate system shown in Fig. 2.4(a) indicate the directions of 𝑘𝑘⊥ 

and 𝑘𝑘∥, where 𝑘𝑘⊥ ≡ 𝑘𝑘𝑧𝑧  and 𝑘𝑘∥ ≡ (𝑘𝑘𝑥𝑥2 + 𝑘𝑘𝑦𝑦2)1/2, kx = 𝑘𝑘||  sin ϕ and ky = 𝑘𝑘||  cos ϕ. The origin is 

chosen to be the straight through (S.T.) spot. The inset in Fig. 2.4(a) is the intensity line scan along 

Figure 2.3: (a) An SEM image and (b) an AFM image showing different areas of the graphene 
surface. The arrows in both figures indicate bi-layer graphene islands. The z-scale bar indicating 
the surface height in the AFM image is shown on the right side of AFM image. The AFM line 

scan is represented by a white dashed line in (b). The darker wavy lines in (a) and brighter wavy 
lines in (b) are grain boundaries. The faint wavy lines in (a) and (b) are wrinkles in graphene. 
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the 𝑘𝑘⊥ axis, showing that the intensity along the 𝑘𝑘⊥ axis is continuous beyond the shadow edge. 

For our graphene sample, the vertical distance between two graphene layers determined by an 

AFM line scan at the edge of a bi-layer graphene island is 8.4 Å. This means that the intensity 

would oscillate with a period of 0.75 Å-1 (= 2π
8.4 Å

) and be suppressed at 𝑘𝑘⊥ = 𝑖𝑖 × 0.37 Å-1 (where i 

is an odd number) if there is a substantial contribution of electron diffraction from the bilayer 

graphene islands 66. However, we did not observe such oscillation. This indicates that the 

diffraction intensity is dominated by the single layer graphene.  

In order to analyze quantitatively the peak position and width of each streak shown in Fig. 2.4(a), 

we imported the RHEED patterns into the software ImageJ to extract the intensity profile. We 

assume the diffraction intensity distribution function in Fig. 2.4(a) is 𝑓𝑓(𝑘𝑘∥,𝑘𝑘⊥). Running a marco 

program written in ImageJ Marco Language, we obtained the normalized intensity 𝐼𝐼′(𝑘𝑘∥) as a 

function of 𝑘𝑘∥ through the following relation: 

Figure 2.4: (a) A RHEED pattern collected from a commercial graphene sample with the 20 
keV electron beam incident at ϕ = 0.0o. The yellow coordinate system is centered at the straight 
through (S.T.) spot. The k|| axis and k⊥ axes are parallel and perpendicular to the shadow edge, 
respectively. The inset in (a) shows an intensity line scan along the k⊥ axis. The black squares 
in (b) show the experimentally measured intensity along the k|| axis, I(k||). The seven fit peaks 

and the cumulative fit peak are plotted in different colors. The peak number and the 
corresponding color are shown in the legend. 
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𝐼𝐼′(𝑘𝑘∥) =
∫ 𝑓𝑓(𝑘𝑘∥,𝑘𝑘⊥)𝑘𝑘⊥

𝑏𝑏

𝑘𝑘⊥
𝑎𝑎 𝑑𝑑𝑘𝑘⊥

∫ 𝑓𝑓�𝑘𝑘∥𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑘𝑘⊥�
𝑘𝑘⊥
𝑏𝑏

𝑘𝑘⊥
𝑎𝑎 𝑑𝑑𝑘𝑘⊥

, �𝑘𝑘∥𝑎𝑎 ≤ 𝑘𝑘∥ ≤ 𝑘𝑘∥𝑏𝑏�, (2.1) 

where 𝑘𝑘∥𝑚𝑚𝑚𝑚𝑚𝑚  is the 𝑘𝑘∥  position that maximizes the integral ∫ 𝑓𝑓(𝑘𝑘∥,𝑘𝑘⊥)𝑘𝑘⊥
𝑏𝑏

𝑘𝑘⊥
𝑎𝑎 𝑑𝑑𝑘𝑘⊥ . Specifically, the 

labeled positions 𝑘𝑘⊥𝑎𝑎,𝑘𝑘⊥𝑏𝑏 ,𝑘𝑘∥𝑎𝑎 and 𝑘𝑘∥𝑏𝑏 in Fig. 2.4(a) are chosen to be 1.8 Å-1, 9.1 Å-1, -13.0 Å-1 and 

13.0 Å-1, respectively. The intensity is integrated along the 𝑘𝑘⊥ axis in order to improve the signal-

to-noise ratio. The reason that we can use the integral is that the diffraction intensity mainly comes 

from a single layer graphene and the reciprocal rods of a single layer graphene are continuous and 

featureless along the 𝑘𝑘⊥ axis. Since the intensity profile in principle should be symmetric about 

the 𝑘𝑘⊥ axis, a linear background intensity is subtracted from 𝐼𝐼′(𝑘𝑘∥) (normalized to 1) to correct the 

experimental uncertainty. Then we obtain 𝐼𝐼(𝑘𝑘∥): 

𝐼𝐼(𝑘𝑘∥) = 𝐼𝐼′(𝑘𝑘∥) − �
𝐼𝐼′�𝑘𝑘∥𝑏𝑏� − 𝐼𝐼′�𝑘𝑘∥𝑎𝑎�

𝑘𝑘∥𝑏𝑏 − 𝑘𝑘∥𝑎𝑎
𝑘𝑘∥ +

𝐼𝐼′�𝑘𝑘∥𝑏𝑏�𝑘𝑘∥𝑎𝑎 − 𝐼𝐼′�𝑘𝑘∥𝑎𝑎�𝑘𝑘∥𝑏𝑏

𝑘𝑘∥𝑏𝑏 − 𝑘𝑘∥𝑎𝑎
� , �𝑘𝑘∥𝑎𝑎 ≤ 𝑘𝑘∥ ≤ 𝑘𝑘∥𝑏𝑏�. (2.2) 

The raw data points (black squares) in Fig. 2.4(b) show the intensity profile 𝐼𝐼(𝑘𝑘∥) obtained 

experimentally. The raw data points can be fitted using seven Gaussians. The seven fit peaks and 

the cumulative fit peak are also plotted in different colors in Fig. 2.4(b). The RHEED diffraction 

pattern shown in Fig. 2.4(a) is actually made up of seven broad streaks. Theoretical prediction and 

experimental result of the peak positions are listed in Table 2.1. Graphene has a hexagonal lattice 

with a lattice constant 𝑎𝑎0 = 2.464 Å. 𝐺⃗𝐺(hk) is the reciprocal space lattice vector associated with 

the Miller index (hk) and its magnitude |𝐺⃗𝐺(ℎ𝑘𝑘)| = 4𝜋𝜋
√3𝑎𝑎0

√ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2. The peak positions and 

full-width-at-half-maximum (FWHM)s are obtained from the Gaussian fits of the peaks. The peak 

broadening is a result of a combined effect of the orientational angular spreads and the wrinkles 

(roughness) of the graphene layer 66. The (2�0) is missing since the reciprocal distance (~0.8 Å-1)  
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Table 2.1: Theoretical prediction of peak positions and experimentally measured peak positions 
and FWHMs of peaks 

(hk) Theoretical |𝑮𝑮��⃗ (𝒉𝒉𝒉𝒉)|  
(Å-1) 

Experimental peak position 
(Å-1) 

Experimental 
FWHM (Å-1) 

(2�1�) 7.790 -7.5 ± 0.2 3.9 ± 0.3 
(2�0) 5.889 - - 
(1�1�) 5.100 -5.2 ± 0.1 2.1 ± 0.1 
(1�0) 2.944 -2.9 ± 0.1 2.7 ± 0.2 
(00) 0 0.1 ± 0.1 2.9 ± 0.1 
(10) 2.944 2.9 ± 0.1 2.3 ± 0.1 
(11) 5.100 5.1 ± 0.1 2.3 ± 0.2 
(20) 5.889 - - 
(21) 7.790 7.5 ± 0.2 4.2 ± 0.3 

 

between (2�0) and (1�1� ) is much smaller than the average FWHM (> 2 Å-1) of these streaks. 

According to the Rayleigh criterion for the resolution limit 67, we would not be able to resolve 

them. The same argument applies to the absence of the (20) peak.  

For a single crystal graphene, however, (00), (10) and (11) are not collinear points in the 

reciprocal space. The planar-like Ewald sphere would not cut through them simultaneously at any 

azimuthal angle. The fact that they show up at the same time in a single RHEED pattern leads us 

to conclude that the graphene sample is not a single crystal. To study the in-plane orientation 

distribution of the graphene grains, we constructed the experimental 2D reciprocal structure for 

this sample. The 2D reciprocal structure is the cross-section view of the reciprocal space by looking 

into the -𝑘𝑘⊥ direction. It is constructed by plotting the intensity as a function of 𝑘𝑘∥ at different ϕ. 

At each ϕ, an intensity profile 𝐼𝐼𝜑𝜑(𝑘𝑘∥) similar to that shown in Fig. 2.4(b) is extracted from the 

corresponding RHEED pattern. Plotting the azimuthal-dependent intensity profile 𝐼𝐼𝜑𝜑(𝑘𝑘∥) in a 

polar coordinate system with the radius being 𝑘𝑘∥ and the polar angle being ϕ, and representing the 
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intensity by different colors, we get the 2D reciprocal space structure of this graphene sample as 

shown in Fig. 2.5(a). 

The most striking feature of Fig. 2.5(a) is the circularly wavy contours at 𝑘𝑘∥ ≈ 5 Å-1 that 

exhibit twelve approximately evenly spaced peaks. For a single crystal graphene, theoretically 

there should be only six peaks, whose (hk) indices are (11), (1�2), (2�1), (1�1�), (12�), (21�), at 𝑘𝑘∥ =

5.1 Å-1. The existence of twelve peaks confirms that the graphene is not a single crystal. The twelve 

Figure 2.5: (a) The RHEED 2D reciprocal space structure measured from the commercial 
graphene sample. (b) The theoretical 2D reciprocal space structure of the graphene layer. The 
cyan spots are 2D reciprocal lattice points of a single crystal graphene with the corresponding 
(hk) indices labeled. The yellow spots are rotated 30o from the cyan spots with the k⊥ direction 
as the rotation axis. kx = k||sin ϕ and ky = k||cos ϕ. The arrows on the right side indicate the in-

plane directions for graphene, [2110] and [0110] along ϕ = 0o and 90o, respectively. (c) and (d) 
show the I(k||, inner) and I(k||, outer) plotted in the polar coordinate system. These intensity 

distributions of the inner peaks and outer peaks are extracted from the RHEED 2D reciprocal 
space structure in (a).  
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peaks can be explained if we assume that the graphene has two dominant orientations with a 30o 

rotation with respect to each other. To illustrate this point, a theoretical model of the 2D reciprocal 

space structure is presented in Fig. 2.5(b). The cyan spots are the 2D reciprocal lattice points of 

single crystal graphene and the yellow spots are rotated 30o from the cyan spots around the 𝑘𝑘⊥axis. 

This theoretical model consists of a (00) spot at the center, the inner 12 spots at 𝑘𝑘∥ = 2.9 Å-1 and 

the outer 12 spots at 𝑘𝑘∥ = 5.1 Å-1. The twelve peaks of the contour lines in Fig. 2.5(a) match well 

with the outer 12 spots in Fig. 2.5(b). However, the inner spots in Fig. 2.5(b) are not obviously 

seen in Fig. 2.5(a) due to overlapping with the high intensity of the center peak.  

At every azimuthal angle ϕ, the intensity profile 𝐼𝐼𝜑𝜑(𝑘𝑘∥) can be decomposed into seven 

Gaussian profiles by doing multiple peak fit similar to that in Fig. 2.4(b). That is: 

𝐼𝐼ϕ �𝑘𝑘||� = �𝐼𝐼𝑖𝑖 �𝑘𝑘||�
7

𝑖𝑖=1

. (2.3)  

The center positions of the Gaussian profiles 𝐼𝐼1(𝑘𝑘∥) to 𝐼𝐼7(𝑘𝑘∥) range from about -7.5 Å-1 to about 

7.5 Å-1. 𝐼𝐼2(𝑘𝑘∥)  and 𝐼𝐼6(𝑘𝑘∥)  constitute the outer peaks in Fig. 2.5(a) while 𝐼𝐼3(𝑘𝑘∥)  and 𝐼𝐼5(𝑘𝑘∥) 

constitute the inner peaks which are not obvious in Fig. 2.5(a). That is: 

𝐼𝐼𝜑𝜑(𝑘𝑘∥,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) = 𝐼𝐼2(𝑘𝑘∥) + 𝐼𝐼6(𝑘𝑘∥), (2.4𝑎𝑎) 

𝐼𝐼𝜑𝜑(𝑘𝑘∥, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = 𝐼𝐼3(𝑘𝑘∥) + 𝐼𝐼5(𝑘𝑘∥). (2.4𝑏𝑏) 

Plotting 𝐼𝐼(𝑘𝑘∥, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) and 𝐼𝐼(𝑘𝑘∥, 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) in a similar way as in Fig. 2.5(a), we obtain Fig. 

2.5(c) and Fig. 2.5(d), respectively. In this way, we can present the intensity contributions from 

the inner and the outer peaks separately from the combined intensity shown in Fig. 2.5(a).  

In both Fig. 2.5(c) and Fig. 2.5(d), we observed some localized intensities on a continuous 

ring. The positions of those localized intensities in Fig. 2.5(c) and Fig. 2.5(d) match the theoretical 

inner 12 spots and the theoretical outer 12 spots shown in Fig. 2.5(b), respectively. This leads to a 



33 
 

qualitative picture on the grain orientation of the commercial graphene sample. That is, some of 

the graphene grains are randomly oriented while others prefer to orient with a 30o rotation with 

respect to each other. This is consistent with the results from transmission electron microscopy 

(TEM) analyses of a CVD grown graphene suspended on TEM grid by Huang et al. 62. 

2.3.2 Homemade Epitaxial Graphene 

2.3.2.1 SEM, AFM and EBSD 

Figure 2.6(a) shows the SEM image of a Cu film, without twin domains, on sapphire(0001), 

after the thermal annealing and the graphene growth. Clearly different from its original form, the 

Cu surface is smooth and free of pits. The inset in Fig. 2.6(a) shows a Raman spectrum collected 

from this surface with a 514 nm laser line. Characteristic 2D (2712 cm−1) and G (1591 cm−1) peaks 

of graphene can be identified, confirming the occurrence of graphene growth on this surface. Given 

the high intensity ratio of 2D/G, along with the fact that no noticeable defect D peak can be 

detected, it is inferred that the graphene is monolayer and is of high quality. The central bump-up 

of the spectral profile is believed to be caused by the surface plasmon emission of Cu 68. Given 

that the energy gap between Fermi level and d state of Cu is around 2.1 eV or 590 nm 69, 

theoretically there would be a broad emission peak centered at 2506 cm−1 under an excitation of 

514 nm. In this work, the emission is experimentally observed around 2200 cm−1, implying that 

the actual Cu emission peak is at around 580 nm for this particular Cu film. We believe this 

deviation is very reasonable, considering that the FWHM of Cu emission peak in ref 47 is about 

100 nm wide.  

Figure 2.6(b) shows the EBSD crystallographic orientation map of this Cu film using the 

IPF-Z component. The super homogeneity of color in this map indicates that the twin boundaries 

have been completely removed after the thermal annealing and the graphene growth. The Cu{111} 
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EBSD  pole figure in Fig. 2.6(c) presents a clean 3- fold symmetry, also confirming that the film 

is free of twin domains. 

On the other hand, it has been found that the twin domains sometimes are tough to remove 

for the Cu film on sapphire(0001).  Figure 2.6(d) shows the SEM image of a Cu film, still with 

twin domains, on sapphire(0001) after the thermal annealing and the graphene growth. Despite the 

film is smooth and free of pits as in the case of Fig. 2.6(a), a boundary groove can be clearly seen 

Figure 2.6: (a) SEM image of the Cu film without twin domains on a sapphire(0001) substrate 
after thermal annealing and graphene growth; overlay shows a Raman spectrum acquired from 
this sample. G and 2D peaks are labeled in the spectrum. (b) EBSD crystallographic orientation 

map of the Cu film without twin domains on a sapphire(0001) after thermal annealing and 
graphene growth using IPF-Z mapping component. (c) EBSD Cu{111} pole figure of the Cu film 

without twin domains on a sapphire(0001) after thermal annealing and graphene growth. (d) 
SEM image of the Cu film with twin domains on a sapphire(0001) substrate after thermal 

annealing and graphene growth; overlay shows a Raman spectrum acquired from this sample. (e) 
EBSD crystallographic orientation map of the Cu film with twin domains on a sapphire(0001) 
substrate after thermal annealing and graphene growth using IPF-Z mapping component. (f) 

EBSD Cu {111} pole figure of the Cu film with twin domains on a sapphire(0001) after thermal 
annealing and graphene growth. 
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in the middle of this image. Nonetheless, these grooves do not seem to affect the graphene growth, 

since high-quality and monolayer graphene can still be found on this surface as evident by the 

Raman spectrum inset of Fig. 2.6(d). The G and 2D peak are located at 1588 and 2719 cm−1, 

respectively. The EBSD IPF-Z crystallographic orientation map in Fig. 2.6(e) confirms that these 

boundaries are the same twin boundaries as prior to the thermal annealing and the graphene growth. 

However, note that the size of twin domains increases approximately by 2 orders of magnitude. 

The Cu{111} EBSD pole figure in Fig. 2.6(f) confirms that these twin domains remain to be in-

plane rotated by 60°, and the fraction of these twin domains is still about half of the Cu film, similar 

to that in the as-sputtered Cu film. Overall, it is found that the status of Cu films, twin-free or 

twinned, after the thermal annealing and graphene growth is very sensitive to the sapphire 

substrate’s surface pretreatment, the Cu sputtering parameters, and the thermal annealing 

conditions 70, 71. Any small parameter fluctuations will cause the failure of the single crystal Cu 

formation. In our work, more than 50% Cu films on sapphire remain to be twinned while we try 

our best to minimize the variation of processing conditions. The situation may become worse if 

the sapphires are recycled for sputter deposition of Cu. In contrast, for the Cu film sputtered on 

spinel(111), it is consistently found to be twin-free after the thermal annealing and graphene 

growth.  

Figure 2.7(a) shows the optical image of a continuous graphene (10 mm × 10 mm) layer 

transferred to a SiO2(50 nm)/Si substrate. The edge area of graphene (bottom portion of Fig. 2.7(a)) 

is intentionally covered in this image for contrast. Five Raman spectra were randomly collected 

on this graphene sheet. Figure 2.7(b) shows that all spectra indicate the graphene to be monolayer 

in light of the peak area intensity ratio of 2D/G (4.10 ± 0.36). Different from the pre-transferred 

counterparts, these post-transferred spectra have the so-called defect D peak present in each of 
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them 72, 73, probably resulting from the transfer process. The D, G, and 2D peak positions for this 

transferred graphene are 1344 ± 3, 1588 ± 2, and 2683 ± 6 cm−1, respectively. Another difference 

between the pre- and post-transferred Raman spectra is the substantial redshift of the 2D peak, 

from the pre-transferred to post-transferred. This may be related to the strain during graphene 

growth on Cu(111) surface. The SEM image of the transferred graphene is shown in Fig. 2.7(c). It 

can be seen that the image is dominated by the light gray color which represents the monolayer 

graphene. Under the view, there are indeed a few dark gray flakes corresponding to multilayer 

graphene, but the fraction of these features is too small to be significant. Also, the size of these 

flakes is small (1−2 μm) and undetectable by the Raman spectroscopy. In addition, line features 

Figure 2.7: (a) Optical image of the continuous monolayer graphene sheet transferred to a 
SiO2/Si substrate. (b) Collected Raman spectra from random areas on the continuous monolayer 

graphene sheet transferred to a SiO2/Si substrate. (c) SEM image of the monolayer graphene 
sheet transferred to a SiO2/Si substrate. (d) AFM image and (e) three line scan profiles across the 

wrinkles in the monolayer graphene transferred to a SiO2/Si substrate. 
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can be clearly observed in Fig. 2.7(c). Two reasons lead us to believe these lines are the wrinkles 

formed during graphene’s relaxation on the SiO2/Si substrates, rather than grain boundaries or 

boundaries of other kinds. The first reason will be elaborated with the aid of RHEED results in the 

next section, where it is shown that the transferred graphene is single-crystalline and should be 

free of large-angle grain boundary. The second reason is from the AFM scanning on these lines. 

The AFM image in Fig. 2.7(d) reveals the details of these lines, which seem to be an outcome of 

graphene buckling. Further evidence comes from Fig. 2.7(e). The zoom-in line profiles across these 

features are quite smooth with small slopes of ∼0.13 (∼7.45°), indicating the features are more 

likely to be wrinkles that are intrinsic to graphene 63, 64.  

2.3.2.2 RHEED 

Firstly, we show in Figs. 2.8(a) and (b) a pair of RHEED patterns acquired from a 

monolayer graphene on a twin-free Cu(111) film at two representative φ of 0 and 30.6°, 

respectively. The central streak represents the (00) lattice of the reciprocal space of graphene, 

while additional streaks come from the non-zero 𝑘𝑘∥ vectors 𝐺⃗𝐺(hk) in the reciprocal space. The 

corresponding indexing of streaks can be found in Figs. 2.8(a) and (b). The directions of the line 

intensity profile scans, blue in Fig. 2.8(a) and red in Fig. 2.8(b), are illustrated in Fig. 2.8(c), where 

𝑏𝑏1���⃗  and 𝑏𝑏2����⃗  are the primitive vectors in the reciprocal space of graphene. Figure 2.8(d) shows the 

intensity profiles of these line scans as a function of 𝑘𝑘∥ (the distances from (hk) to (00)) at a fixed 

perpendicular momentum transfer 𝑘𝑘⊥. With these measurements, we can experimentally determine 

�𝑏𝑏�⃗ 1� = �𝑏𝑏�⃗ 2� = 2.95 ± 0.05 Å−1 , which agrees very well with that of graphene reported in the 

literature 74.  

Next, to investigate the in-plane crystallography of this graphene, we construct its 2D 

reciprocal space structure by collecting 100 RHEED patterns from 100 azimuthal angles (from 0 
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to 180°, step size 1.8°). We first measure the intensity profile at each angle, and then plot the 

azimuthal angle-dependent intensity profile in a polar coordinate system. In this 2D reciprocal 

space structure, the radius represents the reciprocal distance from the (00) spot and the polar angle 

represents the azimuthal angle. Figure 2.8(e) shows the reciprocal space structure of the monolayer 

graphene on a twin-free Cu(111) film. In this figure, there are clearly six symmetrical spots, 

namely, (21), (12), (1�1), (21����), (12����), and (11�), at a reciprocal distance of 5.1 Å-1 from the center. 

In addition, at a shorter reciprocal distance of 2.9 Å-1, there are six more symmetrical spots, 

namely, (10), (11), (01), (1�0), (11����), and (01�), each rotated 30° in the azimuthal angle with respect 

to the previous set. The symmetry and the position of these spots agree with the theoretical 

Figure 2.8: (a, b) RHEED patterns of the monolayer graphene on a twin-free Cu(111) film when 
the electron beam incident at azimuthal angles φ =0 and 30.6o, respectively. The two-dimensional 
Miller index (hk) is labeled in (a) and (b). The 𝒃𝒃��⃗ 𝟏𝟏 and 𝒃𝒃��⃗ 𝟐𝟐 are unit vectors in the reciprocal space. 
The scale bar is 5 Å−1. (c) Schematics showing the directions of blue and red dashed lines in the 
reciprocal space (RHEED patterns) of a monolayer graphene shown in (a) and (b), respectively. 

(d) Intensity profiles along the blue and red dashed lines in (a) and (b), respectively. (e) 
Experimentally acquired reciprocal space structure of the monolayer graphene on a twin-free 

Cu(111) film. The (hk) pole locations are labeled and circled by dashed circles. (f) 
Experimentally acquired reciprocal space structure of the monolayer graphene on a twinned 

Cu(111) film. 
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calculation on a single-crystalline graphene. Thus, the graphene under investigation is indeed in 

single-crystalline form. Furthermore, we construct the reciprocal space structure of the monolayer 

graphene on a twinned Cu(111) film, shown in Fig. 2.8(f). A previous study 75 reported that the 

graphene growth direction is rotated 30° when crossing the 60° in-plane twin boundaries. In this 

study, however, no additional rotational spots can be found in Fig. 2.8(f) besides those can be 

indexed similarly as in Fig. 2.8(e). In other words, the graphene grown on twinned Cu(111) films 

is in single-crystalline form without additional 30° rotation domains caused by the twin 

boundaries. It is possible that in our present experiment, the graphene growth direction is rotated 

60° in-plane at the Cu twin boundaries in response to their interruption. Since graphene is six-fold 

symmetric, this 60° rotation is equivalent to no rotation in terms of in-plane orientation.  

While harmless to in-plane crystal orientation, the twin boundaries do affect the graphene 

growth in some other ways. Figures 2.9(a) and (b) show the optical images of post-transferred 

bilayer and multilayer graphene grown on twinned Cu(111) films. Overall, the bilayer and 

multilayer graphene flakes are scattered everywhere on the monolayer graphene base, but they 

appear to have a preference in selecting locations. The blue dashed lines in Fig. 2.9(a) and (b) are 

guides of graphene morphology to the eyes. It is seen that graphene tends to grow into bilayer or 

multilayer along these dashed lines. After checking the size and shape of these lines, it can be 

recognized that the lines reflect the twin boundaries in the Cu films. The EBSD crystallographic 

orientation map of the Cu film with twin domains on a sapphire(0001) substrate after thermal 

annealing and graphene growth using IPF-Z mapping component in Figure 2.6(e) can be used as 

a reference. Thus, we believe the twin boundaries tend to serve as nucleation sites for graphene to 

grow into multilayer. This is not unexpected, given the feature of twin boundaries. From the SEM 

image in Fig. 2.6(d), one can see that the twin boundaries are essentially grooves with multiple 
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steps. From the thermodynamics perspective of materials, the features such as steps are particularly 

favorable for materials to nucleate. It is no exception for graphene when it comes to nucleation on 

Cu(111) 76. 

What makes this azimuthal RHEED technique more appealing is that it can be used to 

determine the symmetry of graphene even after the graphene is transferred to SiO2/Si substrates, 

which carries a special significance from the perspective of making graphene-based electronic 

devices. Figures 2.10(a) and (b) show a representative RHEED pattern and the reciprocal space 

structure of a monolayer graphene transferred to a SiO2/Si substrate, respectively. There appears 

to be a spread in the streaks in Fig. 2.10(a) and, in turn, in the spots in Fig. 2.10(b). To better view, 

we decompose the mapping of Fig. 2.10(b) into two separate regimes representing the inner and 

outer spots as shown in Figs. 2.10(c) and (d), respectively. In each mapping, especially the latter, 

the six-fold symmetry of single-crystalline graphene can be visualized again, suggesting the 

crystallographic property of post-transfer graphene can be preserved. The spread of the spots for 

Figure 2.9: (a) Optical image of the bilayer graphene sheet transferred from a twinned Cu(111) 
film to a SiO2/Si substrate. (b) Optical image of the multilayer graphene sheet transferred from a 

twinned Cu(111) film to a SiO2/Si substrate. The dashed outlines are speculated to reflect the 
twin boundaries in Cu films. 
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this sample is probably due to the electron scattering from the ripples, similar to that observed on 

the broadening of the TEM diffraction beams from a graphene layer 66.  

We also use azimuthal RHEED to study the structure of a multilayer graphene transferred 

to a SiO2/Si substrate. The representative RHEED pattern and reciprocal space structure of this 

sample are shown in Figs. 2.11(a) and (b), respectively. Compared to Fig. 2.11(b), Fig. 2.11(b) 

displays much sharper spots. This is due to the decreasing of ripple density in multilayer graphene. 

Unlike single layer graphene, multilayer graphene can stabilize itself without creating too many 

ripples. Also note that the multilayer graphene is still in single-crystalline form per Fig.  2.11(b). 

In fact, Fig. 2.11(b) may represent what a single-crystalline graphite would produce. According to 

a reference 77 and graphite’s {101�1} theoretical pole figure projected onto the (0001) plane, a 

Figure 2.10: (a) RHEED pattern of the monolayer graphene transferred to a SiO2/Si substrate 
collected at the azimuthal angle φ = 59.4°. (b) Experimentally acquired reciprocal space structure 
of the monolayer graphene transferred to a SiO2/Si substrate. (c, d) Decomposition of (b) to show 

(c) inner six spots and (d) outer six spots. 
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single-crystalline graphite indeed has a six-fold symmetry. In summary, we believe the graphite-

like multilayer graphene gives rise to the sharp RHEED patterns and thus a sharp reciprocal space 

structure, but monolayer graphene has difficulty to do so because it contains lots of wrinkles.  

In the representative RHEED patterns of the monolayer graphene (Fig. 2.10(a)) and the 

multilayer graphene (Fig. 2.11(a)), one can see that each streak for the monolayer graphene is 

continuous along vertical direction, while beading can be observed on the streaks for the multilayer 

graphene. This is caused by the change in reciprocal space structure from monolayer to multilayer 

Figure 2.11: (a) RHEED pattern of the multilayer graphene transferred to a SiO2/Si substrate 
collected at the azimuthal angle φ = 180°. (b) Experimentally acquired reciprocal space structure 
of the multilayer graphene transferred to a SiO2/Si substrate. (c) Intensity profiles vs momentum 

transfer perpendicular to the substrate (k⊥) along the yellow dashed lines in RHEED patterns 
shown in Figure 2.10(a) and Fig. 2.11(a). S.T. stands for the straight through incident electron beam 
landed on the phosphorus screen. (d) Peak fitting of the intensity profile in the lower part of (c) 

after background subtraction. 
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graphene 56. Here we plot the intensity profiles along the central steaks as indicated by the yellow 

dashed lines. Shown in Fig. 2.11(c), the intensity profile is smooth for the monolayer graphene 

(upper panel), but oscillates for the multilayer graphene (bottom panel). After using the profile of 

monolayer graphene as the background for subtraction, we resolve the oscillation curve with a 

period of ∆ = 1.93 ± 0.04 Å−1 for the multilayer, shown in Fig. 2.11(d). The oscillation implies 

that this graphene contains multiple layers whose interlayer spacing (d) can be estimated to be 

𝑑𝑑 = 2𝜋𝜋 ∆⁄ = 3.27 ± 0.07 Å. Note that the interplanar distance between graphite’s layers is 3.35 

Å. Therefore, the RHEED technique is also able to probe the crystallographic properties of 

multilayer graphene along the out-of-plane direction. 

 Last, we make some remarks on the azimuthal RHEED method. Regarding the comparison 

between LEED and our azimuthal RHEED for graphene studies, there are pros and cons in each. 

When graphene is on conductive substrates, LEED is certainly more powerful. LEED is simpler 

in that the electron beam incidents on the area of interest and gets the diffraction pattern of 

graphene directly. In azimuthal RHEED, a large number of patterns between φ = 0° and 360° have 

to be collected to construct the reciprocal space mapping of graphene and then reveal the 

crystallinity. Also, LEED can directly tell the epitaxial alignment of graphene on the substrate. In 

azimuthal RHEED, this is also doable, but has to be done in a more complex manner by keeping 

track of the geometry of graphene sheet since the graphene is already transferred out of the original 

substrate. However, for graphene on some insulating substrates, it is a completely different story. 

The proposed azimuthal RHEED method in this work becomes more powerful in this scenario as 

LEED is not suitable for insulating materials. 
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2.4 Conclusion 

We present a method to construct the reciprocal space structure of 2D materials using 

RHEED.  The diffraction patterns were obtained at different in-plane azimuthal angle ϕ of the 

sample by rotating the sample with respect to the surface normal. At each in-plane angle, the 

intensity is expressed as a function of momentum transfer parallel to the substrate 𝑘𝑘∥ . The 

reciprocal space structure is therefore represented by the intensity distribution 𝐼𝐼(𝑘𝑘∥) as a function 

of the momentum transfer parallel to the substrate for all in-plane azimuthal angles. This method 

does not require extensive 2D sample preparation and can be applied to other 2D materials. We 

have verified the feasibility of this method to determine the symmetry of post- transferred and 

large area graphene, both commercial and homemade, on SiO2/Si substrates, which represents an 

important step toward better understanding the structure of graphene before using it to make large 

area devices. 
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3. ARHEED CHARACTERIZATION OF TRANSITION METAL 

DICHALCOGENIDES 

3.1 Introduction 

The layered metal chalcogenide (LMC) materials have rich fundamental physical and 

chemical properties and potential applications in electronics and optoelectronics, which has 

stimulated intense research activities world-wide in recent years 78. An LMC material consists of 

a stacking of two-dimensional MXs layers where M is a metal and X is a chalcogen atom from S, 

Se or Te 79. A unique characteristic of this class of materials is that the chalcogenide atoms are 

chemically saturated and, as a result, the weak inter-layer interactions are dominated by the van 

der Waals force 80.  

One of the pioneering and most studied LMCs is monolayer (ML) MoS2 6, 21, 81, 82, which 

belongs to a subcategory called transition metal dichalcogenides (TMDC). A number of previous 

studies on bottom-up synthesized ML MoS2 show similar morphologies: triangular or hexagonal 

shape flakes with lateral size tens of microns scattered on a substrate 5, 7, 8. The discontinuous 

character of such ML MoS2 discourages many industrial applications. Continuous ML can be 

exfoliated from bulk MoS2 crystal both mechanically 11 and electrochemically 12, but they usually 

have limited sizes. In contrast, wafer-scale continuous ML MoS2 can now be grown by chemical 

vapor deposition (CVD) 83 or metalorganic CVD (MOCVD). A continuous ML TMDC grown on 

a single crystal substrate is formed through the coalescence of individual domains with certain 

orientations. However, such CVD growth process may introduce a variety of defects in ML 

TMDCs 84-86 compared with the bulk TMDCs 87. A good understanding of the behavior of TMDCs 

at the interface is vital for improving the quality of CVD grown ML TMDCs.  
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In this chapter, I’ll present some new findings from MOCVD grown continuous ML 

TMDCs, including MoS2 and WS2, on c-sapphire substrates. We used the novel technique, 

azimuthal reflection high-energy electron diffraction (ARHEED) 1, 2, 9, 58, which is good at 

detecting the long-range order in a ML compared to local probing techniques like TEM or STM, 

to map out the 3D reciprocal space structure of the MLs. Repeated experiments from better quality 

MoS2 and WS2 are also presented here.  

Our findings include: (1) The gap between the MoS2 and the sapphire surface, which is 

defined as the distance from bottom S atom in the ML MoS2 to the top surface atomic layer of 

sapphire surface, is measured to be ~3 Å by RHEED. We found the sapphire surface was actually 

passivated with a layer of S atoms. This is supported by atomic force microscopy (AFM) line scan 

measurements, cross sectional TEM measurement and first principle density functional theory 

(DFT) calculations. The formation of this passivation layer has been understood from the DFT 

point of view and is believed to be a general case for TMDCs grown on sapphire substrate. (2) We 

constructed the 3D reciprocal space map of ML MoS2/sapphire using ARHEED. Quantitative 

analysis of the 3D data shows that the half-width-at-half-maximum (HWHM) of the (00) 

diffraction is significantly broader than the instrument response along the direction parallel to the 

surface. Among the many factors contributing to the diffraction peak broadening such as point 

disorder 88, step atom density 89 and mosaic structure 90, we believe the incommensurate domains 

play the most important role, in particular, due to the characteristic coalescence process of 

randomly nucleated MoS2 domains on the sapphire surface during MOCVD growth 9, 83. We 

studied the peak broadening using incommensurate domain model with both 1D analytical solution 

91 and 2D numerical simulation.  
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3.2 Results and Discussion 

3.2.1 MoS2-Sapphire Interface 

Figures 3.1(a) and (b) show RHEED patterns of ML MoS2 on sapphire captured at two 

azimuthal angles 30o apart with the zone axis (ZA) along the [21�1�0] direction and the [101�0] 

direction, respectively. The straight through beam (S.T.) and shadowing edge (dashed line) are 

indicated on the RHEED patterns. The Miller indices (hk) of the diffraction stripes perpendicular 

to the shadowing edge are labeled. The scale bar has been calibrated previously by using a CdTe 

crystal with known lattice parameters 65. The axes of the coordinate system in the reciprocal space 

are denoted by two perpendicular arrows on the bottom-right corner of each RHEED pattern, 

where k|| and k⊥ represent the momentum transfer parallel and perpendicular to the surface, 

respectively. Figures 3.1(c) and (d) are intensity profiles from RHEED patterns presented in Figs. 

3.1(a) and (b) respectively. The scans are along k|| at a fixed k⊥ of 5.1 Å-1. A schematic is drawn 

on the top-right corner of each figure to illustrate the orientation of the line scan direction (the 

dashed line) relative to the reciprocal lattice (the red dots). The reciprocal space base vectors and 

zone axis are also labeled in the insets. The nine peaks in Fig. 3.1(c) can be fitted by nine Gaussian 

functions after a smooth Gaussian background subtraction. From the fitted peak positions one can 

calculate the average peak-to-peak spacing ∆k|| = 2.30 ± 0.07 Å-1. This is related to the real space 

lattice constant a of MoS2 through the relation ∆k|| = G(10) = 2π/(√3a/2). Therefore, the lattice 

constant can be determined to be a = 4π/(√3∆k|| ) = 3.15 ± 0.05 Å, which is consistent with the 

bulk lattice constant of MoS2 (a = b = 3.1500 Å, c = 12.3000 Å, ICDD reference code: 00-002-

1133) within the experimental uncertainty. A similar analysis was performed for the intensity 

profile in Fig. 3.1(d) and the lattice constant is measured to be a = 3.14 ± 0.09 Å. Upper curves of 
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the Figures 3.1(e) and (f) show the intensity profiles scanned along k⊥ direction from the central  

(00) stripe of the RHEED patterns shown in Figs. 3.1(a) and (b), respectively. In both cases, the 

intensities are not smoothly decaying as a function of k⊥. The intensity modulation is caused by 

the vertical structure of the MoS2/sapphire system. Similar like the above procedures to determine 

in-plane lattice constants, one can estimate the interlayer spacing d in the out-of-plane direction. 

The mild intensity bumps became obvious peaks in the bottom curves after the subtraction of the 

smooth backgrounds (the black dashed curves) in Figs. 3.1(e) and (f). This background is defined 

by connecting the diffraction intensity slightly to the outside of each “bump” 92, with a smoothly 

decaying trend. The average reciprocal space spacing between two adjacent peaks is ∆k⊥ = 2.08 ± 

Figure 3.1: RHEED patterns along (a) ZA = [2110] and (b) ZA = [1010]. The Miller index for 
each visible diffraction streak is labeled. The horizontal dashed line indicates the shadowing 

edge. The two arrows perpendicular to each other represents the k|| and k⊥ directions. (c) and (d) 
Line profiles scanned along k|| direction in the corresponding RHEED patterns shown in (a) and 
(b), respectively. The inset illustrates the scan direction (the dashed line) in the reciprocal lattice 
(the red dots) with base vectors a* and b*. The ZA direction is indicated with a long arrow with 

Miller index labeled. (e) and (f) Line profiles scanned along the k⊥ direction in the 
corresponding RHEED patterns shown in (a) and (b). The upper part of each figure shows the 

raw data (solid curve) and the smooth background (dashed curve) while the lower part shows the 
curve after the background subtraction. 
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0.04 Å-1. Therefore, the interlayer spacing between ML MoS2 and sapphire surface d = 2π/∆k⊥ = 

3.02 ± 0.06 Å.  

The interpretation of this d value of ~3 Å requires the knowledge about the details of the 

MoS2-sapphire interface structure. For this reason, an aberration-corrected scanning transmission 

electron microscopy (STEM) at Penn State University has been utilized to image the cross section 

of this MoS2-sapphire sample, which was prepared by focused ion beam (FIB) milling. Both high-

angle annular dark field (HAADF) images with Z-contrast and conventional high-resolution 

transmission electron microscopy (HRTEM) bright field images with phase contrast were collected 

from this sample. Figures 3.2(a) and (c) show the cross-section views of HAADF-STEM and 

HRTEM images along the [11� 00] zone axis of sapphire from the MoS2/sapphire interface, 

respectively, without any image processing. From Fig. 3.2(a) we found that there exists a buffer 

layer (indicated by the yellow arrow in Fig. 3.2(a)) between the top bright layer (indicated by the 

blue arrow in Fig. 3.2(a)) and the substrate at the bottom. Figures 3.2(b) and (d) shows the zoomed-

in image from the region indicated by the yellow squares in Fig. 3.2(a) and (c), respectively, after 

applying a band-pass filter. They both clearly shows the existence of a buffer layer. From Figs. 

3.2(b) and (d) we measured the gap between the MoS2 and this buffer layer to be about 3 Å. Later 

in this section we’ll show that it was this gap that gave rise to the measured d from RHEED vertical 

line profile.  

One immediate question one might ask is, what is the chemical composition and structure 

of this buffer layer? To figure out the chemical composition, we have measured energy- 

dispersive X-ray (EDX) mapping at the MoS2-sapphire interface, as shown in Figs. 3.3(a-f). The 

EDX mapping is qualitatively consistent with our expectation: a MoS2 layer on the top and the 

sapphire (Al2O3) substrate at the bottom. Due to the limited resolution, it is hard to make a definite  
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Figure 3.3: (a) HAADF-STEM image and (b) a combined EDX mapping from the 
MoS2/sapphire interface. Individual EDX mapping from (c) Mo, (d) S, (e) Al and (f) O elements. 

Figure 3.2: The cross-section views of (a) HAADF-STEM and (c) HRTEM images along the 
[11�00] zone axis of sapphire from the MoS2/sapphire interface without any image processing. 

Zoomed-in view (b) HAADF-STEM and (d) HRTEM images from the yellow square denoted in 
(a) and (c), respectively. (e) The DFT calculated atomic structure of a ML MoS2 on a S 

passivated sapphire. The vertical distances are labeled on this schematic. An atomic ball model 
of the structure in (e) has been superposed on (d) to demonstrate the close match between theory 

and experiment. 
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conclusion about the chemical composition of this buffer layer based on the EDX mapping. In 

literature, a similar interface structure for epitaxial WSe2 grown on sapphire has been reported 85. 

They claim that a Se passivation layer was formed at the interface to achieve stronger WSe2-

sapphire bonding. Since WSe2 and MoS2 have similar properties and they are both grown on 

sapphire substrate using MOCVD method, we hypothesize the buffer layer we observed in Fig. 

3.2(a) is formed in a similar way as in their WSe2/sapphire system consisting of the chalcogen 

atoms, or S atoms, in our case. 

Next, in order to figure out the atomic structure of this buffer layer, my collaborator Dr. 

Gao has performed first-principles DFT calculations for a ML MoS2 on Al-terminated sapphire 

with a S passivated layer. The MoS2 layer was allowed to relax until the forces on all the relaxed 

atoms were less than 0.02 eV/Å. Figure 3.2(e) displays the calculated atomic structure for MoS2 

on S passivated sapphire surface viewed along the [11�00] zone axis of c-sapphire. According to 

this calculated structure, the distance from the bottom of the MoS2 ML to the S passivation layer 

is 3.06 Å, which strikes a close match with the value measured from the TEM images shown in 

Figs. 3.2(b) and (d). An atomic ball model of this structure is superposed on the HRTEM image in 

Fig. 3.2(d) to display the good match between theory and experiment.  

This calculated interface structure by DFT is consistent with the measured d value of ~3 Å 

by RHEED. To check the consistency, I applied single scattering model and simulated the RHEED 

intensity profiles of the specular diffraction spot along the vertical momentum transfer direction 

using the DFT calculated structure shown in Fig. 3.2(e). Figure. 3.4(a) shows a series of simulated 

RHEED intensity of a specular spot along the k⊥ direction with various electron penetration depths 

ranging from 0 to 20 Å. The corresponding Fourier transforms of the profiles in Fig. 3.4(a) are 

shown in Fig. 3.4(b). Note that the horizontal axis of those Fourier spectrum is r⊥ , which is 
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translated as the real-space periodicity that exists in the vertical direction of the DFT calculated 

structure shown in Fig. 3.4(c). The profiles in Figs. 3.4(a) and (b) are color coded with dark red 

color being the shallowest penetration and purple color being the deepest one. Their penetration 

positions are indicated by the dashed arrows connecting Fig. 3.4(b) and (c).  From Fig 3.4(b) we 

see that the peak around r⊥ = 3 Å starts to show up when the electrons reach the bottom S atoms 

of the ML MoS2. It gets enhanced at the MoS2-sapphire interface and gradually is washed out 

when the electrons penetrate deeper into the sapphire substrate. This result indicates that indeed 

the DFT calculated structure shown in Fig. 3.2(e) can cause a periodicity of ~3 Å measured by a 

RHEED intensity oscillation in the vertical momentum transfer direction. 

We have further verified the MoS2-sapphire interface structure proposed above through 

AFM measurements. Figure 3.5(a) shows an AFM image from the same MoS2 on sapphire sample 

that has been previously characterized by RHEED. An area with incomplete ML coverage has 

Figure 3.4: A series of simulated RHEED (a) intensity of specular diffraction spot and (b) the 
corresponding Fourier transform along k⊥ direction with various electron penetration depth. 

(c) The DFT calculated atomic structure of a ML MoS2 on a S passivated sapphire. The 
penetration depths are color coded and indicated by the dashed arrows connecting (b) and (c). 
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been chosen for the height measurement in order to reveal the interface structure. This AFM image 

exhibits three distinct regions according to the gray scale tones: highlight, midtone and shadow. 

The highlight region shows terrace-step features similar to what’s observed on a bare sapphire 

surface by others 93-95. The terrace-step feature can also be found in the midtone region, which 

implies that the island grows conformally on the low contrast area 96. A few triangular shape 

islands composite the shadow region on the surface. Based on our learning of this sample from 

RHEED, TEM and DFT, we attribute the highlight, midtone and shadow regions to be the S 

passivated sapphire surface, 1 ML MoS2 and 2 ML MoS2, respectively, as denoted in Fig. 3.5(a). 

Figure 3.5: (a) The AFM image from the MoS2/sapphire surface showing three distinct 
regions corresponding to the S passivated sapphire surface, 1 ML and 2 ML MoS2. The four 
colored dashed lines indicate where the line profiles are extracted from. (b) An atomic ball 

model showing 1 ML MoS2 and 2 ML MoS2 on a stepped sapphire surface with a S 
passivation layer at the interface. Some typical vertical distances are labeled on the figure. (c) 
The height distribution of the AFM image shown in (a). (d) and (e) AFM line profiles scanned 
across MoS2 islands and the sapphire terraces. The curves are plotted in four different colors 

in accordance with the colors used in (a). 
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In addition, we observed that the sapphire step edges are not monotonic but show step meandering, 

which is a result of the sapphire step roughening at the high annealing temperature ~1000 oC during 

MOCVD growth, similar to the terrace-step morphology of sapphire reported previously 93-95. 

Figure 3.6(a) shows the fast Fourier transform (FFT) of the AFM image shown in Fig. 3.5(a). The 

average terrace width of the sapphire was calculated from the peak position 14.3 μm-1 in Fig. 3.6(a) 

to be about 70 nm (=1/14.3 μm-1). By analyzing the slope distribution, as shown in Fig. 3.6(b), of 

the entire AFM image, we found that the average inclination angle from the horizontal plane is 

about 0.5o. Fig. 3.5(b) shows the atomic ball model representing 1 ML and 2 ML MoS2 islands 

sitting on the S passivated sapphire surface with terraces. In this model, the distance from the 

bottom S atom in the ML MoS2 to the S passivation layer is assumed to be 3 Å based on the 

previous discussion. The sapphire lattice constants are a = b = 4.7580 Å, c = 12.9910 Å (ICDD 

reference code: 00-010-0173). One step height of sapphire is ~2 Å because one sapphire unit cell 

Figure 3.6: (a) The fast Fourier transform image of the AFM image shown in Fig. 3.5(a). Two 
bright spots show up at R = 14.3 μm-1

 from the center. Therefore, the corresponding real space 
periodicity is L = 1/R ≈ 70 nm, which corresponds to the average sapphire terrace width. (b) The 

slope distribution of the AFM image shown in Fig. 3.5(a), plotted as the probability density 
distribution ρ of the inclination angle from the horizontal plane. 
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has 6 such steps. According to this S passivation layer model, the smallest height difference one 

can measure is around 4 Å, which is from the 1 ML MoS2 to the adjacent S passivated sapphire 

surface that is one sapphire terrace-step higher (~2 Å) than the terrace where the 1 ML MoS2 island 

is located on. Other possible height differences include 6 Å, 8 Å, 10 Å, 12 Å, etc., are denoted in 

Fig. 3.5(b). Therefore, we can verify this model by measuring all possible height differences from 

AFM. Plotting the height distribution as the black square dots in Fig. 3.5(c), we observed three 

peaks, corresponding to the S passivation layer, the 1 ML and 2 ML MoS2, respectively. The height 

distribution from a random rough surface is most generally described by a Gaussian function 97: 

𝑝𝑝(ℎ) =
1

√2𝜋𝜋𝜔𝜔
𝑒𝑒�−

(ℎ−ℎ𝑐𝑐)2
2𝜔𝜔2 �, (3.1) 

where ℎ𝑐𝑐  is the peak center and 𝜔𝜔  is the root-mean-square (RMS) roughness. Therefore, we 

decomposed the height distribution into three parts by Gaussian peak fitting, which are shown in 

Fig. 3.5(c). The RMS roughness ω determined from Eq. (3.1) corresponding to the three regions 

are 1.6 ± 0.1 Å, 1.8 ± 0.1 Å and 1.9 ± 0.1 Å, respectively. The major contributions to this roughness 

are the sapphire terraces, whose step height is about 2 Å or 1/6 of the sapphire lattice constant c 93-

95, 98. The center position of these three peaks are -0.2 ± 0.1 Å, 3.4 ± 0.1 Å and 9.3 ± 0.1 Å, from 

which one can determine the average distance between the S passivation layer and 1 ML MoS2 to 

be 3.6 ± 0.1 Å, and that between 1 ML MoS2 and 2 ML MoS2 to be 5.9 ± 0.1  Å. Combining them 

together, one gets the average distance between the S passivation layer and 2 ML MoS2 to be 9.5 

± 0.1 Å. Figures. 3.5(d) and (e) show four individual AFM line profiles across and along the 

sapphire terraces, corresponding to the four colored dashed lines in Fig. 3.5(a). The measured 

height differences from the line profiles are labeled on Figs. 3.5(d) and (e). All those measured 

height differences indeed agree with the predictions of our model. We’ve also compared our results 

with the literature. The reported “thicknesses” of CVD grown ML MoS2 on c-sapphire substrate  
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Table 3.1: Literature reported CVD grown ML MoS2 to sapphire distances 

 

measured by AFM were summarized in Table 3.1. The “thickness” ranges from 6 to 8.4 Å. In fact, 

the interface structure of MoS2 on sapphire is rather complicated due to the formation of S 

passivation layer and the existence of sapphire terraces, just like what has been demonstrated 

schematically in Fig. 3.5(b). Therefore, the definition of “thickness” is open to interpretation. 

That’s probably one of the reasons why the literature reported values vary.   

3.2.2 3D Reciprocal Space Map 

Figure 3.7(a) shows a snapshot of the three-dimensional (3D) reciprocal space of the ML 

MoS2/sapphire sample measured by ARHEED. The axes of the coordinate system are momentum 

transfers in x, y, z directions, or namely, kx, ky, kz. It was constructed by stacking 2D reciprocal 

space maps 1 along the kz direction. Figure 3.7(b) shows one such 2D reciprocal space map of ML 

MoS2 at a fixed kz = 3.97 Å-1 plotted as the intensity contour map in the polar coordinate system. 

The radial axis represents the momentum transfer parallel to the surface (k||)  and the azimuthal 

angle ϕ ranges from 0 to 360o. Fig. 3.7(d) is the simulated 2D reciprocal space map viewed along 

the [0001] direction of MoS2. The symmetry and spots locations in the simulation are consistent 

with the experimental 2D map shown in Fig. 3.7(b). Since the c-sapphire has (0001) out-of-plane 

orientation, obviously, the out-of-plane epitaxial relationship is  [0001]𝑀𝑀𝑀𝑀𝑀𝑀2 ∥ [0001]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 . 

For the in-plane epitaxial relationship, azimuthal scans from {112�0} of MoS2 and {112�0} of 

sapphire were measured by glancing incident X-ray diffraction (GIXRD) 105, as shown in Fig. 

3.7(c). The three peaks from each material match each other. This suggests a parallel in-plane 

Interface 
distance (Å) 6 6 6.4 6.5 6.8 7 7 8 8.4 

Reference 99 8 100 101 83 8 102 103 104 
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epitaxy: [112�0]𝑀𝑀𝑀𝑀𝑀𝑀2 ∥ [112�0]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 , despite the ~34% in-plane lattice constant mismatch 

between MoS2 and sapphire. We can understand this parallel epitaxy via GSAM simulation 37, 38. 

The Al-terminated c-sapphire lattice parameters used in the GSAM model are 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 

𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖= 4.76 Å, and 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 60.0°. The TMDC lattice parameters used in the model are 

𝑎𝑎𝑀𝑀𝑀𝑀𝑆𝑆2 = 𝑏𝑏𝑀𝑀𝑀𝑀𝑆𝑆2  = 3.15 Å, and 𝜃𝜃𝑀𝑀𝑀𝑀𝑆𝑆2  = 60.0°. According to the GSAM simulation results, the 

parallel epitaxy with 0o rotation angle (φR), along with rotational angles of 10.9° and 19.1° are 

geometrically preferred. Figure 3.8(a) shows the superlattice area mismatch (∆A) as a function of 

Figure 3.7: (a) A snapshot of the 3D reciprocal space map measured by ARHEED from 
MoS2/sapphire. (b) Experimentally constructed ARHEED 2D reciprocal space map sliced 
from (a) at kz = 3.97 Å-1. The radial axis represents the momentum transfer parallel to the 

surface (k||) and the azimuthal angle ranges from 0o to 360o. (c) GIXRD azimuthal scans from 
sapphire {112�0} (upper) and MoS2 sapphire {112�0} (lower). Their peaks line up, implying a 
parallel epitaxial relationship: [112�0]MoS2 || [112�0]sapphire. (d) The theoretical simulation of the 

2D reciprocal space map from MoS2. Some low order Miller indices are labeled on (d). 
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φR.  Note that because both MoS2 and sapphire c plane has a six-fold symmetry, the rotational 

angles of 0o, 10.9° and 19.1° are equivalent to 60o, 49.1o and 40.9o, respectively. Although the 

Figure 3.8: (a) A bubble plot of ∆A vs. φR resulting from the GSAM simulation of MoS2 on c-
sapphire. The range of φR is chosen from 0 to 60o, because both basal planes of TMDC and c-

sapphire have a six-fold symmetry and thus the simulation result repeats itself every 60°. In the 
plot, the diameter of a bubble is inversely proportional to the area of superlattice A1 (A2). A 

small ∆A or a small area of superlattice (large bubble) means a high probability of observing a 
superlattice at the corresponding φR. The favorable φR values occur at 0°, 10.9°, 19.1°, 40.9°, 
49.1°, and 60°. The atomic ball model of MoS2 overlay on c-sapphire at (b) φR = 0° and φR = 

60°, (c) φR = 10.9° and φR = 49.1° and (d) φR = 19.1° and φR = 40.9°. The MoS2 domains aligned 
along these two φR are twin to each other. The yellow dashed parallelograms represent the 

superlattices formed under such conditions. 
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superlattice area mismatch (∆A) for φR = 19.1° is smaller than φR = 0o, the parallel epitaxy is more 

energetically favorable according to Dumcenco et al. 8, which agrees with our experimental 

observation. Figures 3.8(b), (c) and (d) show the atomic ball models of MoS2 overlay on c-sapphire 

at φR = 0°, 10.9° and 19.1°, respectively. 

One especially anomalous observation from this 3D map is the huge in-plane broadening 

of the reciprocal rods. The HWHM of the (00) spot at a fixed value of k⊥ along a certain azimuthal 

direction is determined by first subtracting the linear background, then finding out the two 

positions (k||
1, k||

2)  that correspond to half-maximum intensity of the remaining profile and finally 

obtaining HWHM = (k||
1 - k||

2)/2. The process was repeated for all the k⊥ values and the azimuthal 

angles accessible in the 3D map. The red curve in Figure 3.9(a) shows a slice of the measured 

HWHMs of the (00) spot vs. azimuthal angle at a fixed k⊥ = 3.97 Å-1 from the ML MoS2/sapphire 

sample. The in-plane directions of MoS2 was indicated by the two arrows in Fig. 3.9(a), which was 

determined from the 2D map shown in Fig. 3.7(b). The HWHMs from 180o to 360o are replicas of 

that from 0o to 180o due to the fact that the (00) spot is symmetric about the center and are therefore 

plotted as the dotted curve. The measured HWHMs range from ~0.4 Å-1 to ~0.6 Å-1, which is much 

larger than the instrument response function width (hinst) of ~0.1 Å-1 determined from the high-

quality epitaxial graphene grown on copper substrate 2 as shown in Fig. 3.10(a) and (b). Similar 

broadening of the (00) spot were observed at other k⊥ values but is not presented here. 

It is well known that various surface defects including point defects, step atoms and mosaic 

tilts could give rise to the diffraction peak broadening 90, as elaborated in the following: (1) Point 

defects. Random point defects itself will only increase the background intensity but not the 

broadening in the diffraction spots 90, 106. For vacancy complex, the nearby atoms may relax locally 

and the distance between atoms could contract 86. This produces microstrains which might account 
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for part of the peak broadening. Our ML MoS2 sample, however, has few defects as evidenced by 

the strong photoluminescence 84 shown in Fig. 3.11(a) and the Raman spectrum that is free of 

LA(M) peak at ~227 cm-1 107 shown in Fig. 3.11(b). Therefore, the point defect induced broadening 

is ignored in this case. (2) Step density. The atomic scattering intensities from stepped surfaces 

has been studied by Spadacini et al. 108. According to their proposed theory, the HWHM of the  

Figure 3.9: (a) A slice of the measured HWHMs of the (00) spot vs. azimuthal angle at a 
fixed k⊥ = 3.97 Å-1 from the ML MoS2/sapphire. The red and blue curves are before and 

after deconvolution with instrument response and the mosaic tilt induced broadening, 
respectively. The in-plane directions of MoS2 were indicated by the two arrows in (a). The 
average HWHM before and after deconvolution are 0.46 ± 0.05 Å-1 and 0.43 ± 0.05 Å-1, 

respectively. (b) The intensity profile along the kx direction for a series of γ values ranging 
from 0 to 0.25 calculated from the 1D incommensurate domain model. (c) The HWHM of 
the (10) spot as a function of the diameter of the incommensurate domain calculated from 
the 1D model (the blue squares) and the 2D model (the red squares). (d)The simulated 2D 
reciprocal space map from MoS2/sapphire using the 2D model with nucleation density ρ = 
0.1 or domain diameter D = 2.0 ± 0.5 nm. The (00) and (10) spots are labeled on the figure. 
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Figure 3.11: RHEED patterns taken from (a) epitaxial graphene/Cu(111) and (c) 
MoS2/sapphire samples using 20 keV electrons. (b)(d) The square of half-width-at-half-

maximum (h2) plotted as a function of k⊥
2 for the central diffraction streaks from (a) and (c), 

respectively. The instrument response is determined to be hinst = √0.011 ± 0.002 Å-1 = 0.10 
± 0.01 Å-1 from graphene/Cu(111) and the mosaic tilt induced broadening for MoS2/sapphire 

is |k⊥|tan(θ/2) = 0.17 Å-1. 

Figure 3.10: (a) Photoluminescence (PL) and (b) Raman spectrum from the MoS2/sapphire 
sample. The strong PL peak at ~1.9 eV and the absence of LA(M) peak in Raman spectrum 

indicate that few point defects exist in the MoS2. 
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diffraction spot increases linearly as a function of the step atom density (σ). Figures 3.12(a1-a6) 

show the simulated (00) spots using Spadacini’s theory for the atomic scattering intensities from 

stepped surfaces with step atom densities σ = 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0%, respectively. Figure 

3.12(b) summarizes the relationship between the peak’s HWHM and the step atom density from 

Figs. 3.12(a1-a6). In our case of MoS2/sapphire, the step atom density can be estimated from the 

average terrace width of the sapphire surface to be σ = 0.315 nm/70 nm ≈ 0.5 %. According to Fig. 

3.12(b), those step atoms will result in ~0.004 Å-1 broadening in the diffraction spots, which is 

negligible. (3) Mosaic tilts. According to the previous AFM analysis in Fig. 3.6(b), the average 

inclination angle from the horizontal plane of MoS2 is about 0.5o. However, this might 

underestimate the tilt angle since the AFM scans only very local regions. It is more meaningful to 

look at the statistical average of the mosaic tilt angle (θ/2) across the surface. This can be done by 

plotting the square of HWHM (h2) as a function of the 𝑘𝑘⊥2  using the data extracted from the 3D 

reciprocal space map, exactly the same way as how we determined the instrument response 

previously 92: 

ℎ2 = ℎ02 + ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2 + 𝑘𝑘⊥2𝑡𝑡𝑡𝑡𝑡𝑡2 �
𝜃𝜃
2
� . (3.2) 

Therefore, both θ/2 and the intrinsic broadening h0 can be determined by doing a linear fit 

between h2 and k⊥
2. Based on the analysis presented in Fig. 3.10(c), (d) for the MoS2/sapphire 

sample, θ/2 is found to be about 2.4o. Since Fig. 3.9(a) was measured at k⊥ = 3.97 Å-1, therefore 

the contribution to the broadening from mosaic tilts is about k⊥tan(θ/2) = 0.17 Å-1. 

The blue curve in Fig. 3.9(a) shows the HWHMs spot vs. azimuthal angle after 

deconvoluting all the contributing factors mentioned above. There’s still a significant broadening 

of at least ~0.3 Å-1. We believe it is mainly caused by the large amount of domain boundaries in 
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the MoS2 sample. Generally, for the CVD grown ML TMDC on sapphire, the initial nucleation 

centers distribute randomly on the sapphire surface sites. Because of the distinctly different lattice 

constants between the TMDC (3.15 Å) and sapphire (4.76 Å), when their sizes grow and meet, 

they form domain boundaries 9, 85. The dimension of such domains can be as small as only a few 

nanometers according to the STEM images from WSe2 on sapphire reported in the literature 85. If 

there’s no rotation of domains involved in the CVD growth, which is indeed the case as we did not 

see noticeable peak splitting in the diffraction spots shown in Fig. 3.7(b), such type of boundaries 

can be described using a incommensurate domain model 91 (see more details in Appendix A). 

Figure 3.12: Simulated (00) spots using Spadacini’s theory for the atomic scattering intensities 
from stepped surfaces with different step atom densities (σ): (a1) σ = 0.1%, (a2) σ = 0.2%, (a3) σ 

= 0.5%, (a4) σ = 1.0%, (a5) σ = 1.5% and (a6) σ = 2.0%, respectively. The scale bar in each 
figure is 0.05 Å-1. (b) The relationship between the peak’s HWHM and the step atom density 

summarized from (a1-a6). 
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Using this 1D incommensurate domain model, the 1D intensity profile covering (1�0), (00) and 

(10) spots has been simulated for different γ value, which is the probability of finding a boundary 

between any two sites. The simulation result is presented in Fig. 3.9(b), showing the intensity 

profile along kx for γ ranging from 0 to 0.25. The diffraction spot is delta function-like if there’s 

no boundary at all (γ = 0) but becomes increasingly broader as the γ value goes higher. Since the 

diameter of a domain (D) is directly related to the γ value through D = b/γ, where b = 3.15 Å is the 

lattice constant of MoS2, the dependence of (10) spot’s HWHM on the domain diameter is 

calculated and summarized as the blue open squares in Fig. 3.9(b). From this figure we found that 

the HWHM will be less than 0.05 Å-1 if the domain size is larger than ~1 nm, which apparently 

does not explain the huge broadening ~0.4 Å-1. We attribute the failure of this 1D incommensurate 

domain model to be the oversimplification made in the analytical solution, including the 

assumptions that the domain size follows a geometric distribution and that domain boundaries 

along two base vectors are independent. Similar results have been obtained from the 2nd batch 

MoS2/sapphire sample and the WS2/sapphire sample, which are summarized in Fig. 3.13 and Fig. 

3.14, respectively. 

In order to overcome the limitation of this 1D model, we have developed a 2D 

incommensurate domain model with numerical simulation (see more details in the Appendix B). 

In this 2D model, we start from the random nucleation of the epilayer on the surface of the substrate 

lattice sites with a certain nucleation probability. The domains grow from these “seeds” and meet 

to form various boundaries. Assuming the growth of each domain is isotropic, the boundaries 

formed during the coalescence process are described using the Voronoi diagram 109. In addition, 

we have required the distance between any two atoms be larger than the lattice constant of epilayer. 

Figures 3.15(a1)-(f1) show the simulated epilayer lattice sites with nucleation probabilities ranging  
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Figure 3.13: (a) A RHEED pattern of MoS2 on sapphire substrate taken at azimuthal angle φ = 
118.8o. (b) The integrated intensity I(k||)  along the red dashed line in (a) plotted in parallel 

momentum transfer k|| direction. Peaks are labeled by Miller indices (22�), (11�), (00), (1�1), (2�2), 
The average reciprocal separation ∆k|| of adjacent peaks is 2.27 ± 0.06 Å-1. For hexagonal lattice: 

�𝐺⃗𝐺(ℎ𝑘𝑘)� = 4𝜋𝜋/√3𝑎𝑎 × √ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2, where a is bulk in-plane lattice constant of MoS2 = 
3.1500 Å. Theoretically,  �𝐺⃗𝐺(1�1)� = 2.3 Å-1, which is in good agreement with our measurements 

of 2.27 ± 0.06 Å-1. From the experimental value, the in-plane lattice constant of MoS2 is 
determined to be a = 3.19 ± 0.06 Å. (c) The integrated intensity I(k⊥) along the blue dashed line 
in (a) plotted in perpendicular momentum transfer k⊥ direction. Peak at k⊥ = 0 is from straight 

through beam (S.T.). Two peaks (labeled 1 and 2) are result of constructive interference between 
MoS2 monolayer and the substrate. The reciprocal space separation ∆k⊥ of the two adjacent 

peaks is 2.36 ± 0.04 Å-1 and the vertical distance between MoS2 monolayer  and the sapphire is  
determined to be d = 2π/∆k⊥ = 2.66 ± 0.06 Å. (d) Experimentally constructed RHEED 2D 

reciprocal space map of MoS2 monolayer plotted as the intensity I(k||, φ) contour map in polar 
coordinate system. RHEED 2D reciprocal space structure exhibits a 6-fold symmetry and agrees 
with (e) the theoretical simulation viewed along the [0001] direction of MoS2, suggesting that the 

monolayer of MoS2 is single crystal. (f) Experimentally measured half-width-at-half-maxima 
(HWHM) of the MoS2 (00) in-phase diffraction spot in polar coordinate system. The radial and 
angular axes represent HWHM and the azimuthal angle φ, respectively. The (00) spot exhibits 

slightly broadening along <112�0> direction with a value of ~0.6 Å-1 and the minimum 
broadening is ~0.4 Å-1. 
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Figure 3.14: (a) A RHEED pattern of WS2 on sapphire taken at azimuthal angle defined as φ = 
64.8o. (b) The integrated intensity I(k||) along the red dashed line in (a) plotted in parallel 

momentum transfer k|| direction. Peaks are labeled by Miller indices (01�), (00) and (01). The 
average reciprocal separation ∆k|| of adjacent peaks is 2.17 ± 0.07 Å-1. The bulk in-plane lattice 

constant of WS2 is a = 3.1532 Å. Theoretically, ∆k|| = �𝐺⃗𝐺(01)� = 2.21 Å-1, which is in good 
agreement with our measurements of 2.17 ± 0.07 Å-1. From the experimental value, the in-plane 
lattice constant of WS2 is determined to be a = 3.34 ± 0.07 Å. (c) The integrated intensity I(k⊥) 
along the blue dashed line in (a) plotted in perpendicular momentum transfer k⊥ direction. Peak 
at k⊥ = 0 is from straight through beam. Two peaks (labeled 1 and 2) are result of constructive 

interference between WS2 monolayer and the substrate. The reciprocal separation ∆ k⊥ of the two 
adjacent peaks is 2.29 ± 0.04 Å-1 and the vertical distance between WS2 monolayer and the 
sapphire is determined to be d = 2π/∆k⊥ = 2.74 ± 0.05 Å. (d) Experimentally constructed 

RHEED 2D reciprocal space map of WS2 monolayer plotted as the intensity I(k||, φ) contour map 
in polar coordinate system. RHEED 2D reciprocal space structure exhibits a 6-fold symmetry 

and agrees with (e) the theoretical simulation viewed along the [0001] direction of WS2, 
suggesting that the monolayer of WS2 is single crystal. (f) Experimentally measured HWHMs of 

the WS2 (00) in-phase diffraction spot in polar coordinate system. The radial and angular axes 
represent HWHM and the azimuthal angle φ, respectively. The (00) spot exhibits slight 

broadening along the <112�0> direction with a HWHM value of ~0.5 Å-1 and the minimum 
broadening is ~0.4 Å-1. 
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from 0.01 to 0.2. Figs. 3.15(a2)-(f2) are the corresponding zoomed-in views while the histograms 

in Figs. 3.15(a3)-(f3) show the domain size distributions. For higher nucleation probability, the 

average domain diameter became smaller. From those simulated lattices, we have calculated 

diffraction patterns using the kinematic scattering approach 56, which are shown in Figs. 3.15(a4)-

(f4). Obviously, the peaks are broader for higher nucleation probability. To be more quantitative, 

we have determined the HWHM of the (10) spot from each simulated diffraction pattern by fitting 

with a 2D Gaussian distribution, as shown in Figs. 3.15(a5)-(f5). Finally, the dependence of 

HWHM on the average domain diameter is summarized and plotted as the red open squares in Fig. 

3.9(c) in order to compare with the 1D model. From Fig. 3.9(c) we can see that the HWHM 

decreases as the domain diameter increases, following the same trend as the 1D model but the 

magnitude is several times higher. Assuming the average domain size in the ML MoS2 sample to 

be ~2 nm, the corresponding broadening in HWHM is ~0.15 Å-1. The simulated 2D reciprocal 

space intensity under this condition is shown in Fig. 3.9(d). 

3.3 Conclusion 

The 3D reciprocal space mapping using ARHEED has provided rich structural information 

about ML TMDCS on sapphire substrates. The in-plane lattice constant of ML TMDCs and its 

epitaxial relationship with sapphire are determined experimentally as well as the out-of-plane 

interlayer spacing between TMDC and sapphire. From RHEED and TEM we have confirmed the 

existence of a S passivation layer at the MoS2-sapphire interface. This is supported by AFM 

measurements and DFT calculations. According to the DFT results, the formation of this S 

passivation layer is more energetically favorable and is necessary for the van der Waals epitaxy. 

That the observed broadenings of diffraction spots are larger than the instrument response width 

indicates extended defects exist in wafer scale ML TMDCs. Part of the spot broadening in the  
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Figure 3.15: (a1-f1) The generated circular-shape epilayer lattices of diameter D = 70 nm, (a2-
f2) the 5×5 zoom-in views of the corresponding lattices, (a3-f3) the size distributions, (a4-f4) 

simulated 2D reciprocal space intensities I(kx, ky, kz = 0) and (a5-f5) the simulated 2D intensities 
around (10) spot (the scattered points) and their Gaussian surface fit (blue at low intensity and 
red at high intensity) from the numerical simulations using nucleation density ρ = 0.01, 0.02, 

0.05, 0.10, 0.15 and 0.20, respectively. The scale bars in (a2-f2) are all of 2 nm. The mean and 
standard deviation of the sized distributions are labeled on each of the (a3-f3) figures, showing a 
descending trend as ρ becomes larger. The scale bars in (a4-f4) are all of 1 Å-1. The HWHMs are 

determined for the (10) spots by Gaussian fit and labeled on the top each of (a5-f5).  
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RHEED patterns can be simulated by a 2D diffraction model with domain boundaries that are 

generated by the incommensurate MoS2 layer on sapphire substrate. These domain boundaries 

were observed by real space imaging techniques (TEM and STEM) and were reported in the 

literatures. We demonstrated that ARHEED is sensitive to ML coverage and can provides wafer 

scale structural information through the measurement of the 3D reciprocal space map.  
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4. HRLEED CHARACTERIZATION OF EPITAXIAL 

GRAPHENE ON COPPER(111) 

4.1 Introduction 

Although subjected to severe charging effect when a non-conductive substrate is used, 

HRLEED is still one of the most direct and quantitative way to detect the symmetry and perfection 

of various 2D materials such as graphene 110, 111, hexagonal boron nitride (h-BN) 112 and monolayer 

MoS2 
113. In HRLEED, electrons are typically incident normally onto the surface of graphene and 

the reflected diffraction pattern would reveal the symmetry and perfection of the 2D lattice. The 

diffraction pattern is close (not exactly) to represent the 2D reciprocal space lattice structure. 

Therefore, from HRLEED one can get the 2D reciprocal space map in just one shot, compared to 

the time-consuming data acquisition and analysis process using ARHEED. In addition, HRLEED 

is significantly better than ARHEED in terms of the spatial resolution, angular resolution and 

dynamical range 114. Table 4.1 is a comparison between ARHEED and HRLEED. 

 

Table 4.1: A comparison between ARHEED and HRLEED 

 ARHEED HRLEED 

Primary Electron Energy 10 - 30 keV 50 - 300 eV 

Incident Angle ~1o ~90o 

Dynamic Effect Strong Weak 

Charging Effect Weak Strong 

Working Pressure ~10-7 torr ~10-10 torr 

Spot Diameter ~1 mm ~100 μm 

Spatial Resolution ~0.1 Å ~0.03 Å 

Angular Resolution 1.8o ~0.006o 

Dynamical Range 102 106 
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In this chapter, I’ll present the HRLEED study of epitaxial graphene as-grown on Cu(111) 

on spinel(111) substrate. While the ARHEED results of this sample from Chapter 2 might contain 

the mixed signal from both graphene and Cu(111) due to the shallow but non-neglectable electron 

penetration depth, we were able to clearly resolve the diffraction peaks from copper and that from 

graphene in HRLEED by analyzing the profiles of (01) diffraction spot. 

4.2 Experimental 

4.2.1 Sample Holder Design 

A customized sample holder has been made for the HRLEED system with three major 

requirements: (1) hold the sample with various size (10 mm - 15 mm) in the vertical direction. (2) 

heat the sample up to about 1200 oC in a short time. (3) be float-grounded and maintain electrically 

isolated from other parts of the sample holder. 

Those requirements can be properly addressed in the following way: (1) the sample is 

clamped with two tantalum strips. One of the strips has two circular holes at two ends, allowing it 

to be fixed by the bolts and nuts. The other strip has two stadium-shape holes, which can not only 

be fixed by the bolts and nuts but also move along the hole within a ~5 mm range once the nuts 

are loosened. This design offers the flexibility to accommodate samples with various sizes. (2) The 

requirement for the capability of heating up to 1200 oC is imposed by the cleaning process of a 

Si(111) surface 115, which is used as the standard sample to calibrate the HRLEED system. There 

are several different kinds of methods to heat up the sample in vacuum, including direct current 

heating, radiative heating and electron bombardment heating 116. A combination of radiative 

heating and electron bombardment heating was utilized in the sample holder design, since it does 

not depend on the electrical resistance of the sample and provides excellent control over the 

temperature. A homemade “pancake” filament, which was made from tungsten wire of diameter 
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0.01 inch, was used to radiatively heat the sample and to emit hot electrons. With radiative heating 

alone, the sample can be heated up to ~250 oC. In order to accelerate the hot electrons to bombard 

on the sample, the filament was negatively biased to a high potential while the sample was 

connected to the floating ground of the high voltage power supply. Combining both radiation 

heating and electron bombardment heating together, the sample temperature can be raised up to 

~1500 oC in a few seconds. (3) Since the energy of electrons used in HRLEED is only tens of eV, 

the electrons are very sensitive to the surface charge. Therefore, accumulated charge must be 

drained through a grounding wire during the experiment. In the meanwhile, the sample should be 

electrically isolated from the filament in order to avoid short circuit. It must be isolated from the 

sample holder housing as well because otherwise the electrons will be drawn to both the sample 

and the housing, causing a waste of power and an excessive outgassing. Those issues can be solved 

by putting the sample on a metal shield that is isolated from the housing using ceramic washers 

and screws. This metal shield is made from low-outgassing Ta plate, leaving a square-hole in the 

center to allow electrons passing through. Another merit of using this shield is that the strong light 

emitted by the filament can be blocked to avoid an interference with the pyrometer for temperature 

measurements. 

Schematics of this sample holder design are presented in Figs. 4.1(a)-(f). All parts are 

UHV-compatible and non-magnetic. 

4.2.2 Calibration 

Due to the electrical deflection of electrons using the octupoles, the spots in an electron 

diffraction pattern have minute deviations from their theoretical positions near the edges of a 

diffraction pattern. The Si(111) (7×7) reconstruction has many diffraction spots over the entire 

diffraction pattern and is an ideal system to calibrate the deviation of spots from theoretical
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positions. The Si(111) (7×7) reconstruction was observed in the viewing mode after in situ thermal 

flashing to ~1200 oC. The angular profiles of the (00) diffraction spot was measured every other 2 

volts from 65 to 200 eV. The high intensity that corresponds to the in-phase condition is within 2 

to 3 V from the kinematic in-phase condition. The Si(111) (7×7) reconstruction pattern taken at 

126.5 eV is shown in units of pixels in Fig. 4.2(a). The background in the pattern is not uniform 

and the brightest arc near the bottom right of the pattern is due to the octupole effect. The 

background was first subtracted from the diffraction pattern and the diffraction spots were picked 

and indexed using the home-developed MATLAB program as shown in Fig. 4.2(b). The red 

crosses mark the experimental positions while the yellow crosses indicate where they should be 

Figure 4.2: (a) Room temperature experimental HRLEED pattern of Si(111) (7×7) reconstruction 
taken at an incident energy of 126.5 eV. (b) HRLEED pattern after the subtraction of background 

intensity. The red crosses are positions of experimental spots in (a) and the yellow crosses are 
theoretical peak positions. Deviations between red and yellow crosses in the (c) x and (d) y 
directions, respectively. (e) A map of the discrete deviation vector field. The units of the kx 

(horizontal) and ky (vertical) axes are in units of pixels. (f) HRLEED pattern after the correction 
of the experimental spots using the deviation field. The experimental spot positions and 

theoretical spot positions are coincident. The units of the kx and ky axes are in percentages of 
Brillouin zone (%BZ). 
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theoretically. The red and yellow diffraction spots near the center (00) spot overlap. However, the 

spots farther away from the center (00) spot do not overlap. The deviations between theoretical 

diffraction spot position vectors 𝑅𝑅�⃗ (𝑖𝑖, 𝑗𝑗)theory and experimental diffraction spot position vectors 

𝑅𝑅�⃗ (𝑖𝑖, 𝑗𝑗)experiment for all spots are mapped as discrete deviation vectors 𝐷𝐷��⃗ (𝑖𝑖, 𝑗𝑗) = 𝑅𝑅�⃗ (𝑖𝑖, 𝑗𝑗)theory  - 

𝑅𝑅�⃗ (𝑖𝑖, 𝑗𝑗)experiment in Fig. 4.2(c) where the magnitude of each vector is the difference between the 

experimental position and theoretical position and the direction is pointing from the experimental 

position to the theoretical position. Since the map of deviation vectors in Fig. 4.2(c) is not 

continuous, the continuous deviations in the x and y directions are approximated as component 

Dx(i,j) and component Dy(i,j) in Figs. 4.2(d) and 4.2(e), respectively, using a radial-basis-function 

of multi-quadric type. The value indicated by the color bar on each pixel represents the deviation 

of the experimental position from the theoretical position in that direction. In order to convert 

pixels to percentages of Brillouin zone in reciprocal space, the sensitivity factor was determined 

to be 3.21 ± 0.01 VÅ, by minimizing the difference between experimental spot and theoretical 

diffraction spot positions. Figure 4.2(f) shows the corrected HRLEED pattern in units of 

percentage Brillouin zone (%BZ). 

4.2.3 Instrument Response 

The measured FWHM and transfer width 117 from the Si(111) surface was used as the 

instrument response for the HRLEED system. The Si(111) surface has a hexagonal lattice with the 

lattice constant a = 3.84 Å. A HRLEED line scan along the [101�0] direction of this hexagonal 

lattice was collected at 126.5 eV. The black curve in Fig. 4.3 shows the line scan profile after 

distortion correction and background removal. The Miller indices of peaks from the primary 

Si(111) lattice are labeled in blue color. Other peaks are due to the (7×7) super lattice of surface 

reconstruction. Each peak has been fitted with a pseudo-voigt function, shown as the colored curve 
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superposed on the original data in Fig. 4.3. The FWHMs from the fitting are labeled in red color 

on top of each peak in the unit of %BZ. The average FWHM is found to be W = 1.7 ± 0.6 %BZ = 

0.03 ± 0.01 Å-1 and the corresponding transfer width is T = 2π/W = 22 ± 6 nm. This instrument 

response will be convoluted with the signal from the materials other than this Si(111) sample in 

the future measurements. 

4.3 Results and Discussion 

4.3.1 AES and AFM 

The graphene/Cu(111)/spinel sample was loaded into the HRLEED chamber without any 

prior treatment. The sample was annealed in situ at 500 oC for about one hour in order to remove 

contaminations on the graphene 110. The surface chemical composition was checked with in situ 

AES measurements. Figure 4.4(a) shows the AES spectrum from the surface of the sample  

Figure 4.3: HRLEED line scan from the Si(111) surface collected at 126.5 eV along the 
[101�0] direction. The black curve shows the profile after the distortion correction and 
background removal. The blue labels are the primary Miller indices from the Si(111) 

hexagonal lattice. The colored curves are the fitted pseudo-voigt profile for each peak. The 
red labels are the FWHMs of each peak in the unit of %BZ. 
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Table 4.2: Atomic concentration analysis of graphene/Cu(111)/spinel sample from the AES 
spectrum shown in Fig. 4.4(a) 

 Before annealing After annealing 

Element Si S C O Si S C O 

Peak-to-peak Intensity (𝑰𝑰𝑿𝑿) 1142 759 8094 8410 0 863 13815 4507 

Relative Sensitivity Factor 
(𝑺𝑺𝑿𝑿) 0.36 0.85 0.20 0.50 0.36 0.85 0.20 0.50 

𝑰𝑰𝑿𝑿/𝑺𝑺𝑿𝑿 3172 893 40470 16820 0 1015 69075 9014 

Ratio of concentration 
(Si : S: C : O) 0.08 : 0.02 : 1.00 : 0.42 0.00 : 0.015 : 1.00 : 0.130 

Atomic Concentration (%) 5.2 1.5 66.0 27.4 0 1.3 87.3 11.4 
  

Figure 4.4: (a) AES spectrum from the graphene/Cu(111)/spinel sample surface before (blue 
curve) and after (red curve) the annealing at 500 oC for one hour. Auger peaks corresponding to 

the silicon LMM, sulfur LMM, carbon KLL and oxygen KLL transitions are labeled on the 
figure. AFM images measured ex situ from the graphene/Cu(111)/spinel sample surface (b) 

before and (c) after the annealing. The scale bars are both 10 μm. 
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before (the blue curve) and after (the red curve) the annealing. Cu LMM (~920 eV) was absent in 

the AES spectrum, suggesting the graphene have nearly full coverage on the surface. Analysis of 

the atomic concentration from the AES spectrum is shown in Table 4.2. The oxygen concentration 

has been reduced to 11.4 % after the annealing compared to 27.4 % before. The silicon 

contamination is completely gone while a small amount (~1.3 %) of sulfur contamination still 

exists on the surface after annealing. 

AFM images from the graphene/Cu(111)/spinel sample surface before and after the  500 

oC annealing were measured ex situ and shown in Figs. 4.4(b) and (c), respectively. Thermal 

annealing has been known for bringing roughness and defects to the copper surface 118, 119. The 

root-mean-square (RMS) roughness increased from 4.3 nm to 16.6 nm after the annealing. 

4.3.2 HRLEED 

Figure 4.5(a) shows the HRLEED 2D scan from this sample using 181.0 eV incident 

energy after the sample cooled down to room temperature. All spots are labeled with two Miller 

indices. There are six first order diffraction spots approximately evenly spaced. Three of them, 

namely, (01), (10) and (1�1�), have much stronger intensity than the others, which arises from the 

3-fold symmetry of Cu(111). Figure 4.5(b) presents a series of the line profiles scanned along the 

[101�0] direction with different electron energies. The arrows in Fig. 4.5(a) denotes the [101�0] and 

[011�0] directions. Fig. 4.5(c) is extracted from Fig. 4.5(b), showing the profile details around (00) 

and (10) spots for energies ranging from 119 eV to 135 eV. With the maximum peak intensity of 

the (00) peaks at various energies aligned at ~984 pixels, one can see a splitting of (10) peaks in 

Fig. 4.5(c). The peak centers are indicated by two vertical dashed lines located at ~1852 and ~1884 

pixels. Literature reported real space the lattice constants of graphene and Cu(111) are 2.46 Å and 

2.55 Å, respectively. Since the reciprocal spacing is inversely proportional to the real spacing, the 
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peak on the left is from Cu(111) and the peak on the right is from graphene, as are labeled on Fig. 

4.5(c). Quantitative analyses of the profiles are carried out by fitting each peak with a pseudo-voigt 

function. From the fitted peak centers of those profiles we can determine the relative lattice 

constant difference between Cu(111) and graphene measured at various incident electron energies, 

Figure 4.5: (a) Room temperature HRLEED pattern of the graphene/Cu(111)/spinel sample 
taken at 181 eV incident electron energy after one hour in situ annealing at 500 oC. The two 

arrows in (a) indicate the directions of [101�0] and [011�0]. (b) HRLEED intensity line profiles in 
units of pixels scanned along the [101�0] direction with electron energies varying from 119 to210 

eV. (c) A portion of the intensity line scans extracted from (b), showing only the intensity line 
profiles near the (00) and (10) spots for energies ranging from 119 to 135 eV. The corresponding 

Miller indices are labeled above each peak. The (10) peak splits into two parts: (10)Cu from 
Cu(111) and (10)G from graphene. (d) The fitted FWHMs for the (00), (10)Cu, (10)G peaks and 

the calculated relative lattice constant difference between Cu(111) and graphene at various 
incident electron energies. 
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which is summarized as the orange curve in Fig. 4.5(d). The average relative difference was found 

to be 3.6 ± 0.4 %. This result agrees with the experimental value (3.3%) obtained by Robinson et 

al. from graphene grown in situ on single crystal Cu(111) 110. In addition to the peak center 

positions, we also obtain the peak widths from the fitting, which are shown as the red, blue and 

green curves in Fig. 4.5(d) for (00), (10)Cu and (10)G peaks, respectively. Those three peaks have 

very similar FWHMs. The average broadening is 3.3 ± 0.5 %BZ = 0.09 ± 0.01 Å-1. This value is 

significantly larger than the instrument response of ~0.03 Å-1, suggesting a noticeable number of 

defects exist within both graphene and copper surface. 

Figure 4.6: (a) Intensity vs. electron energy (IV) curves and (b) FWHM vs. electron energy 
curves measured at the (00) peak of the graphene/Cu(111)/spinel sample. The peak intensity or 
FWHM in those three curves are extracted from the fitting results of the HRLEED intensity line 
profiles scanned along [101�0], [112�0] and [011�0] directions, respectively. (c) IV and (d) FWHM 
vs. electron energy curves measured at (10), (11), and (01) peaks in a similar way as (a) and (b). 
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If we just focus on the intensity and FWHM measured at the peak center position as a 

function of the electron acceleration voltage, we obtain the intensity vs. voltage (IV) curve 120 and 

the FWHM vs. voltage curve, respectively. LEED IV curves have long been used for structure 

analysis of atomic positions in the surface unit cell. Figure 4.6 (a) shows the IV curves measured 

from the (00) peak of the graphene/Cu(111)/spinel sample with electron energies ranging from 

119 to 210 eV. The three curves in Fig. 4.6(a) are extracted from the intensity line profiles scanned 

along [101�0], [112�0] and [011�0] directions. They share a similar shape and show 5 peaks around 

120 eV, 141 eV, 162 eV, 185 eV and 210 eV, respectively. Fig. 4.6(b) shows the fitted FWHMs 

from the (00) profiles measured at the corresponding energies. The intensity and FWHM exhibit 

opposite trend as a function of the energy, which is expected because the peaks are usually sharper 

at the in-phase conditions 35. The IV curve can also be obtained from non-(00) peaks. Figures 4.6(c) 

and (d) show the IV curves and the FWHM vs. energy curves, respectively, from the (10), (11) and 

(01) spots. The IV and FWHMs measured at (10) and (01) show similar trend while that measured 

at (11) is opposite. This confirms that the peak intensities as well as the FWHMs are modulated 

by the 3-fold symmetry of Cu(111). 

Although a dynamic LEED theory is necessary for quantitative interpretation of the IV 

curves, a kinematic approach can still be applicable to surfaces with lightly scattering materials 121. 

According to Horn-von Hoegen et al. 35, the LEED intensity is given by: 

𝐼𝐼(𝒌𝒌,𝑘𝑘𝑖𝑖) = 𝐹𝐹(𝒌𝒌,𝑘𝑘𝑖𝑖)𝐺𝐺(𝒌𝒌), (4.1) 

where 𝐹𝐹(𝒌𝒌,𝑘𝑘𝑖𝑖) is the dynamical form factor and 𝐺𝐺(𝒌𝒌) is the lattice factor, which is given by: 

𝐺𝐺(𝒌𝒌) =
1

2𝜋𝜋
��𝑒𝑒𝑖𝑖𝑖𝑖�𝑘𝑘𝑥𝑥

𝑖𝑖 𝑢𝑢𝑖𝑖+𝑘𝑘𝑦𝑦𝑖𝑖 𝑣𝑣𝑖𝑖�𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘𝑧𝑧𝑖𝑖 ℎ(𝑢𝑢𝑖𝑖,𝑣𝑣𝑖𝑖)

𝑖𝑖

�
2

. (4.2) 
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In Eq. (4.2), 𝒌𝒌 = �𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦,𝑘𝑘𝑧𝑧� is the scattering vector, (𝑢𝑢𝑖𝑖 , 𝑣𝑣𝑖𝑖 ,𝑤𝑤𝑖𝑖) are the fractional coordinates of 

the atoms within unit cell, a is the in-plan lattice constant and d is the step height in the out-of-

plane direction. For the IV curve measured at the (00) spot, 𝑘𝑘𝑥𝑥 = 𝑘𝑘𝑦𝑦 = 0. If we further assume 

that the surface is flat without atomic steps, then ℎ(𝑢𝑢𝑖𝑖, 𝑣𝑣𝑖𝑖) will be constant. Therefore, the lattice 

factor can be simplified as: 

𝐺𝐺00(𝑘𝑘𝑧𝑧) =
1

2𝜋𝜋
��𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘𝑧𝑧𝑖𝑖

𝑖𝑖

�
2

. (4.3) 

From Eq. (4.3) we can see that the step height d, which is the distance from graphene to the Cu(111) 

surface in our case, is solely responsible for the distribution of (00) intensity in the out-of-plane 

direction. Therefore, we can possibly determine d from our measured IV curve. 

With that been said, a quantitative analysis of LEED IV curves is complicated by the 

existence of inner potential and multiple scattering, which have to be properly addressed in order 

to extract meaningful values. Inner potential has been known to shift the diffraction maxima 122 

(see more details in Appendix C). It could be measured by electron holograms 123, electron 

diffractions 124 and cathode ray reflection 125. In our case of graphene on copper, the inner potential 

is assumed to be similar as that of the bulk graphite. We have experimentally measured the inner 

potential of a highly oriented pyrolytic graphite (HOPG) sample using RHEED. Figure 4.7(a) 

shows the RHEED pattern collected from an HOPG sample with 20 keV electrons. The (00l) 

positions along the center streak do not agree with the expected positions, which are indicated by 

the red dots in Fig. 4.7(b) superposed on Fig. 4.7(a). The inner potential shifted the spots upwards. 

The RHEED spot positions with a series of different inner potentials has been calculated and 

compared with the spot positions observed in the experiment. We found that an inner potential of 

~11.5 eV would shift the original red spots up and match the cyan spots in Fig. 4.7(b). The Miller 
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indices are labeled on the right-hand side of each spot. In literature, the reported values for the 

inner potential of graphite were 9 eV by LEED 126 and 10.7 eV by high-energy electron diffraction 

127. Our result is close to both literature results. 

Taking the inner potential ~11.5 eV and the double scattering effect into consideration, the 

LEED IV curves from graphene on copper have been simulated using the kinematic approach. 

Figure 4.7(c) shows a series of simulated LEED IV curves at (00) spot by varying d from 3.4 to 

3.6 Å with a step size of 0.005 Å. The vertical dashed lines indicate the experimental peak positions 

observed in Fig. 4.6(a). The closest match between the experimental and simulated peak positions 

that we found from those simulated curves is at d = 3.49 Å, which was made obvious using a bold 

line in Fig. 4.7(c). Therefore we estimate the graphene to Cu(111) surface distance to be d = 3.49 

± 0.01 Å from LEED IV. This result is close to that (d = 3.27 ± 0.07 Å) determined by RHEED 

from multilayer graphene in Chapter 2.3.2.2 and the interlayer spacing of 3.36 Å in graphite.  

Figure 4.7: RHEED pattern from an HOPG sample using 20 keV electrons (a) without and (b) 
with the simulated (00l) spots superposed on it. (c) Simulated LEED IV curves for a series d 

values ranging from 3.4 Å to 3.6 Å with a step size of 0.005 Å.   
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4.4 Conclusion 

This chapter presents the HRLEED characterization of the graphene on Cu(111) sample. 

The high resolving power of the instrument enabled us to differentiate the contribution from 

graphene and from Cu(111) to the diffraction intensity of the (10) spot in HRLEED 2D map. We 

have quantitatively analyzed the LEED IV curve from graphene on Cu(111) by comparing it with 

a kinematic simulation. The graphene to Cu(111) surface distance has been determined to be d = 

3.49 ± 0.01 Å. This suggests that the coupling between graphene and Cu metal is similar to a pure 

van der Waals interaction. 
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5. RHEED CHARACTERIZATION OF THIN FILMS GROWN 

VIA VAN DER WAALS EPITAXY 

5.1 Introduction  

Conventional hetero-epitaxial films are typically grown on lattice and symmetry matched 

single crystal substrates. However, the choices of such substrates are very limited. Besides, the 

chemical bonding at the interface is relatively strong. They may have several consequences: (1) 

Strain develops at the interface. (2) Various structural defects may nucleate in the overlayer. (3) 

The chemical inhomogeneity may be introduced in the overlayer. (4) The intermixing between the 

overlayer and substrate may occur at the interface. If the dangling bonds on a substrate are not 

fully passivated, the surface reconstruction and lattice relaxation could happen. This could affect 

the growth mode and structural quality of an overlayer grown on it later.  

Limited choices of lattice matched single crystal substrates, possible structural imperfect 

overlayer, and chemical bondings at the interface of the hetero-junction in conventional hetero-

epitaxy led researchers to grow high quality epitaxial films via van der Waals epitaxy (vdWE) 128. 

Compared to conventional hetero-epitaxies, the van der Waals substrate may not give rise to large 

strain in the overlayer, and therefore high density structural and chemical defects may not develop 

in the overlayer and at the interface 129. Thus, the lattices between the overlayer and the substrate 

could have a large mismatch and the overlayer could be incommensurate with the substrate at the 

interface 130. The lift of this restriction on lattice match greatly broadens the choices of materials 

used in hetero-epitaxy systems. One can imagine the growth of either layer 131 or even non-layer 

 
Portions of this chapter previously appeared as: Xiang, Y.;  Yang, Y.;  Guo, F.;  Sun, X.;  

Lu, Z.;  Mohanty, D.;  Bhat, I.;  Washington, M.;  Lu, T.-M.; Wang, G.-C., van der Waals epitaxy 
of SnS film on single crystal graphene buffer layer on amorphous SiO2/Si. Appl. Surf. Sci. 2018, 
435, 759-768. 
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132-134 epitaxial films or non-planar nanostructures 130 on the van der Waals substrates such as 

graphene. 

Two particularly interesting thin film materials that have recently been successfully grown 

via van der Waals epitaxy are tin mono-sulfide (SnS), a layered mateiral and cadmium telluride 

(CdTe), a 3D material. SnS has drawn interests among photovoltaic cells (PVCs) research 

community worldwide 135, 136. The advantages of SnS film include an optical energy band gap of 

1.3 eV which is close to the optimum value required for efficient light absorption, a high optical 

absorption coefficient of > 104 cm-1 above the photon energy threshold (~1.3 eV) 137, low cost, and 

non-toxic. SnS also has other applications in photodetectors 138, gas sensors 139, and Li-ion batteries 

140.  One of the major challenges in the SnS thin film-based PVCs is producing high quality 

materials 141. In either case, reliable characterization as well as synthesis of electronic grade ML 

TMDCs are essential for translating new electronic and optical properties into applications 142. 

CdTe, on the other hand, is one of the most important II-VI compound semi-conductor due to its 

excellent optoelectronic properties 143, 144. While it is commonly believed that conventional 3D 

materials such as GaN and CdTe do not have a 2D counterpart, recent experiment 145 and first-

principles calculations 146 have suggested that many traditional 3D materials, including CdTe, may 

also exist in stable layered forms with a distinct double layer honeycomb (DLHC) structure. This 

bears great significance because the 2D structure not only brings new physical phenomena due to 

the quantum confinement effect, but also enables potential applications in flexible electronic and 

optoelectronic devices. Recently, ultra-thin CdTe down to ~4.8 nm has been successfully 

synthesized through VTD method 147. However, detailed structural determination of this ultra-thin 

CdTe film was missing. It would be especially interesting to check whether the predicted DLHC 

structure 146 exists. 
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In this chapter, I’ll present the RHEED characterization of SnS thin film grown on single 

crystal graphene buffer layer on amorphous SiO2/Si using thermal evaporation and cadmium 

telluride (CdTe) thin film grown on mica using vapor transport deposition (VTD). For the SnS 

part, I’ll present the morphological characterization of graphene and SnS film using atomic force 

microscopy (AFM) and scanning electron microscopy (SEM). The graphene symmetry and 

number of orientation domains were examined by reflection high-energy electron diffraction 

(RHEED) 2D reciprocal space mapping. The structure and texture of the SnS thin films were 

measured by X-ray diffraction (XRD) and X-ray pole figure. Combining the XRD and RHEED 

results, we proved that the SnS film followed the symmetry of graphene in this van der Waals 

epitaxial growth. RHEED has also been used to characterize the structure and texture near the film 

surface, which is different from the bulk. The in-plane epitaxial relationship at the interface of SnS 

and graphene was determined by combing XRD and RHEED azimuthal scans. For the CdTe part, 

I’ll present the characterization of the CdTe thin film using AFM and RHEED. The CdTe film has 

two sides, one being the surface originally facing the CdTe vapor during VTD growth and the 

other being the interface revealed after the exfoliation described in Chapter 1.3.1.6. I will refer to 

them as the CdTe surface and the CdTe interface, respectively, in the rest of this thesis. The 

morphology and structure of both the CdTe surface and interface have been characterized and 

compared with each other. Attempt has been made to characterize the CdTe interface using 

HRLEED but failed because of the severely warped surface after in situ thermal annealing. 

5.2 van der Waals Epitaxy of SnS on Graphene 

5.2.1 SEM, AFM and EBSD 

Figures. 5.1(a) and (b) show the SEM top views of the polycrystalline graphene and single 

crystal graphene on SiO2/Si substrate, respectively. Both Figs. 5.1(a) and (b) show that the major 
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part of the surface is covered by a graphene layer, but there exist grain boundaries (dark curves), 

wrinkles and bilayer graphene islands. The lateral size of the bilayer island is about 2 µm for both 

substrates, but the single crystal graphene surface was covered by fewer bilayer islands than that 

on the polycrystalline graphene. Figures 5.1(c) and (d) show SEM top views of SnS films grown 

on the polycrystalline and single crystal graphene substrates, respectively. The surfaces of both 

SnS films show many flakes scattered on a continuous film. The typical size of an individual flake 

for the SnS film grown on the single crystal graphene (about 400 nm) is larger than the one grown 

on the polycrystalline graphene (about 250 nm). Literature reports that adsorbates or particles often 

decorate at graphene grain boundaries 148. It was predicted that lines of adsorbates and particles 

are more reactive than the pristine lattice of graphene. Experimentally we observed that the SnS 

flakes form clusters along the graphene grain boundaries shown in Figs. 5.1(a) and (b). This may 

be due to the fact that these sites are more reactive to initiate the growth of SnS flakes. The number 

Figure 5.1: SEM top-view images of (a) bare commercial polycrystalline graphene on 
SiO2/Si(100), (b) bare homemade single crystal graphene on SiO2/Si(100), (c) after the 

deposition of SnS film on the polycrystalline graphene, and (d) after the deposition of SnS film 
on the single crystal graphene. SEM cross-section view images of (e) SnS film on the 

polycrystalline graphene on SiO2/Si(100) and (f) SnS film grown on the single crystal graphene 
on SiO2/Si(100). AFM top-view images of (g) SnS film on the polycrystalline graphene and (h) 
SnS film on the single crystal graphene. The insets in (g) and (h) show zoomed-in views from 

small areas in (g) and (h), respectively.  
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density of SnS flakes on single crystal graphene is lower than that on the polycrystalline graphene, 

which may be attributed to fewer grain boundaries in the single crystal graphene. Figs. 5.1(e) and 

(f) show SEM cross section views of mechanically cleaved SnS films grown on polycrystalline 

graphene and single crystal graphene substrates, respectively. The thicknesses of the films are 

~527 nm and ~612 nm in Figs. 5.1(e) and (f), respectively. The SnS film grown on the 

polycrystalline graphene has columnar like structure while that grown on the single crystal 

graphene has large size grains. This large size is supported by the EBSD data to be presented later. 

Figures. 5.1(g) and (h) show AFM top views of the SnS films grown on polycrystalline 

graphene and single crystal graphene, respectively. Both films show island-like features over the 

surface. The high magnification images in the insets of Figs. 5.1(g) and (h) reveal the details of 

these features. The root-mean-square roughness of the two surfaces shown in Figs. 5.1(g) and (h) 

are ~37.8 nm and ~34.3 nm, respectively, which are very comparable. In the literature, typical 

root-mean-square roughness of 500 nm SnS films synthesized through thermal evaporation on 

various substrates at 300 oC are around 10 nm 149. Comparing to their results, our SnS films have 

rougher surfaces. This could be attributed to (1) the surface enengy of SnS(010) (~154 mJ/m2 150) 

is higher than the surface energy of the graphene (~46.7 mJ/m2 at room temperature 151). Thus, 

SnS does not wet graphene and favors island growth. (2) low surface diffusion of SnS at the 

relatively low substrate temperature 152. Recall that our substrate was held at 280 oC during growth. 

The film is columnar and grainy.  (3) the wrinkles formed (~10 nm in height) on the initial graphene 

surface due to graphene’s relaxation on SiO2/Si substrates 2. The lateral correlation lengths of the 

surfaces in Figs. 5.1(g) and (h) are ~167 nm and ~286 nm, respectively. This indicates that the 

distribution of flakes is denser on the polycrystalline graphene than that on the single crystal 

graphene, which is consistent with the SEM results. 
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The SnS film on polycrystalline graphene has a rough surface, therefore a significant 

fraction of the area was unresolved during the EBSD scan. In contrast, majority of the surface area 

can be resolved for the smoother SnS film grown on single crystal graphene. The SnS phase is 

detected to be orthorhombic with a space group of 62 (Pbnm). Figure 5.2(a) shows the 

crystallographic orientation map using the inverse pole figure component in the Z-direction (IPF-

Z). The uniform blue color map for the SnS film on the single crystal graphene in Fig. 5.2(a) 

indicates a homogeneous out-of-plane orientation. Figure 5.2(b) shows the IPF-X map indicating 

the in-plane crystallographic orientation distribution in the SnS film. SnS grain boundaries on the 

single crystal graphene are well resolved in Fig. 5.2(b). The green color indicates the [001] crystal 

direction, and the red color indicates the [100] crystal direction. The estimated grain size is about 

1 μm for this SnS film. Fig. 5.2(c) is the grain boundary misorientation histograms for SnS film 

on single crystal graphene. The plots show that the preferred misorientation angle for SnS film on 

single crystal graphene are i·30o where i is an integer. 

Figure 5.2 (a) EBSD IPF-Z crystallographic orientation map that shows the out-of-plane 
orientation in the SnS film on the homemade single crystal graphene. (b) IPF-X map which 

indicates the in-plane crystallographic orientations and unveils the grain boundaries in the SnS 
film grown on the single crystal graphene. The scale bars in (a) and (b) are 1 µm. (c) grain 

boundary misorientation histograms indicating the grain boundary misorientation distributions in 
the SnS film grown on the single crystal graphene. 
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5.2.2 XRD and Pole Figure 

Figures 5.3(a) and (b) show X-ray diffraction intensity plotted in a logarithmic scale vs 2θ 

from SnS films grown on the polycrystalline graphene and the single crystal graphene, 

respectively. For the SnS film shown in Fig. 5.3(a), SnS(020), (040), (080) peaks at 2θ = 15.72o, 

31.87o, and 66.64o as well as Si(400) peak at 69.27o were observed. From these peaks the lattice 

constant b of SnS is determined to be 11.236 ± 0.007 Å (bulk lattice constant b = 11.192 Å). The 

inset a1 in Fig. 5.3(a) is a one degree zoomed-in view at the vicinity of the SnS(040) peak plotted 

in a linear scale showing a SnS(111) peak at 31.64o adjacent to the SnS(040) peak at 31.87o. This 

implies that the SnS film grown on the polycrystalline graphene may develop more than one crystal 

orientation. A similar behavior was observed by Devika et al. for the SnS film grown on a glass 

substrate at 300 oC using thermal evaporation 153. For the SnS film shown in Fig. 5.3(b), SnS(020), 

(040), (080) peaks at 2θ = 15.80o, 31.91o, and 66.70o as well as Si(400) peak at 69.15o were 

observed. The lattice constant b of SnS film is determined to be 11.207 ± 0.008 Å, closer to the 

bulk lattice constant b. A one degree zoomed-in view plotted in inset b1 shows no SnS(111) peak, 

unlike the SnS film grown on the polycrystalline graphene. This means that the SnS film grown 

on the single crystal graphene has a single orientation. 

The average vertical coherent domain size τ can be estimated from the full-width-at-half-

maximum (FWHM) of X-ray peak intensity profile using Scherrer formula = 𝐾𝐾𝐾𝐾 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝛽𝛽 , where 

K = 0.89 is the shape factor, λ is the X-ray wavelength, and β is the experimental FWHM of the 

respective (hkl) diffraction peak in units of radians. For the SnS film grown on the polycrystalline 

graphene, the FWHM of the (020) peak is 0.21 ± 0.01o. The estimated average vertical coherent 

domain size is 49.56 ± 0.02 nm. Similarly, the estimated average vertical coherent domain size for 

the SnS film grown on the single crystal graphene is 51.50 ± 0.02 nm.  
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Figure 5.3: (a) XRD θ vs 2θ scan from the SnS film deposited on the commercial polycrystalline 
graphene/SiO2/ Si(100) substrate and the intensity is plotted in a logarithmic scale. Inset a1: A 

zoomed-in view of the XRD θ vs 2θ scan of the SnS film within the range of 31.2o < 2θ < 32.2o 

and the intensity is plotted in a linear scale. The profile contains (111) and (040) peaks. Inset a2: 
The XRD (040) rocking curve of the SnS film with the intensity plotted in a linear scale and 3-
degree ω angular range. (b) The XRD θ vs 2θ scan from the SnS film deposited on the single 

crystal graphene/SiO2/Si(100) substrate and the intensity is plotted in a logarithmic scale. Inset 
b1: A zoomed-in view of XRD θ vs 2θ scan of SnS film within the range of 31.5o < 2θ < 32.5o 
and the intensity is plotted in a linear scale. Inset b2: The XRD (040) rocking curve of the SnS 
film with intensity plotted in a linear scale and 3-degree ω angular range. RHEED pattern using 

a 15 keV electron beam collected from (c) SnS film grown on the polycrystalline 
graphene/SiO2/Si(100), and (d) SnS film deposited on the single crystal graphene/SiO2/Si(100) 
substrates. In each RHEED pattern, (hkl) indices were labeled below diffraction spots. The out-
of-plane directions in (c) and (d) are [111 and [010], respectively. The diamond and square unit 

mesh are outlined in blue dashed lines in (c) and (d), respectively. Insets in (c) and (d) show 
radial intensity vs reciprocal distance or perpendicular momentum transfer k⊥ along the direction 
perpendicular to the substrate. The red dashed rectangular box in the RHEED pattern indicates 

the area where the intensity is integrated. The (hkl) indices of peaks and rings are labeled. 
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These values are smaller than the film thickness observed from SEM and AFM because 

each morphological feature may consist of many coherent domains. Note that these coherent 

domain sizes are estimated from measured FWHM without deconvoluting the instrument 

response’s FWHM. Therefore, the sizes are lower limits or underestimated. 

Insets a2 and b2 in Figs. 5.3(a) and (b) show the corresponding rocking curves or omega 

scans of the SnS(040) peak measured at theta (θ) angle of 15.93o and 15.96o from the SnS films 

grown on polycrystalline and single crystal graphene, respectively. The FWHMs of rocking curves 

fitted from the SnS films (without any instrument response deconvolution) by a Gaussian function 

on the polycrystalline graphene and the single crystal graphene are 0.837 ± 0.002o and 0.860 ± 

0.002o, respectively. As a reference, the FWHM of the rocking curve measured from the substrate 

Si(400) peak at θ angle 34.49o was 0.031 ± 0.001o. Our measured FWHMs of around 0.85o are 

larger than the FWHM of rocking curve of 0.37o observed from SnS film grown on 

graphene/GaAs(100) or graphene/SiO2/Si but smaller than 2.96o measured from SnS film grown 

directly on GaAs(100) or ~4o measured from SnS on glass 154. Note that the reported FWHMs of 

rocking curves by Wang et al. were measured from ~1 µm thick SnS film grown on bi-layer 

graphene at 400 oC while the thicknesses of our film is only about 500 nm, and our films were 

grown at 280 oC. 

The strong (010) out-of-plane orientation and narrow rocking curve of SnS films grown on 

graphene buffer layers presented above do not reveal the in-plane epitaxy of the SnS film. Figures 

5.4(a)and (b) show X-ray {160} pole figures of SnS film on polycrystalline and single crystal 

graphene, respectively, for the (010) out-of-plane orientation. The 2θ angle for the pole figure 

measurements was set at 53.443°, and the step size for the azimuthal angle (φ) and chi angle (χ) 

scans were both 1°. In the SnS {160} pole figure from the SnS film grown on the polycrystalline 



94 
 

graphene shown in Fig. 5.4(a), 12 almost even intensity poles 30o apart azimuthally at χ ~23o were 

observed. For the {160} pole figure of SnS film grown on the single crystal graphene shown in 

Fig. 5.4(b), there are 12 poles, but six out of 12 poles have stronger  intensity. The six stronger 

intensity poles are 60o apart azimuthally and so are the six weaker intensity poles. 

5.2.3 RHEED 

The difference in the pole figures from films deposited on the polycrystalline and single 

crystal graphene arises from the structural difference between the polycrystalline graphene and 

single crystal graphene. As was reported in our earlier ARHEED work 1, commercial 

Figure 5.4: X-ray {160} pole figures with the (010) out-of-plane orientation measured from the 
SnS films grown on (a) the commercial polycrystalline graphene/SiO2/Si(100) substrate, and (b) 
the homemade single crystal graphene/SiO2/Si(100) substrate. (c) RHEED 2D reciprocal space 

structure measured from the single crystal graphene on SiO2/Si(100) substrate. The black dashed 
circles are the theoretical positions of the reciprocal lattice points of a single crystal graphene. 
(d) RHEED azimuthal scan (upper curve) from single crystal graphene at k|| = 2.9 Å-1 and XRD 

SnS(160) azimuthal scan (bottom curve) taken at 2θ = 53.443o and χ = 23.311o. The 
corresponding (hk) indices of single crystal graphene are labeled above each peak in the RHEED 

azimuthal scan. Top view of the atomic structure at the SnS/graphene interface showing the 
epitaxial relationship: (e) <100>SnS //<21�1�0>graphene and (f) <100>SnS //<101�0>graphene. Note that 
[101�0]graphene is rotated 30o from [21�1�0]graphene. Carbon, tin and sulfur atoms are represented by 

black, blue and yellow balls, respectively. Two perpendicular arrows indicate the crystal 
directions of graphene (black) and SnS (blue) next to each atomic structure. 
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polycrystalline graphene exhibits a 12-fold symmetry and the SnS film grown on it will follow the 

symmetry. That’s why the 12 poles of equal intensity were observed. Similar structural 

characterization using azimuthal RHEED has been performed on the homemade single crystal 

graphene. Fig. 5.4(c) shows the 2D reciprocal space structure measured from the single crystal 

graphene. It is clear that the single crystal graphene has only a 6-fold symmetry, which indicates 

that the graphene is in the single-crystal form. After the orientation of the single crystal graphene 

on SiO2/Si substrate was determined, a 500 nm thick SnS film was deposited on it. It is then 

expected that the SnS film grown on single crystal graphene will also have a 6-fold symmetry.  

Figure 5.4(d) shows a comparison between RHEED azimuthal scan from the single crystal 

graphene measured at parallel momentum transfer k|| = 2.9 Å-1 (upper curve) and XRD {160} 

azimuthal scan from SnS film measured at 2θ = 53.443° and χ = 23.311o (lower curve). The in-

plane projection of the SnS(160) plane’s normal vector has the same direction as SnS [100]. The 

azimuthal angle φ = 0o was defined as being parallel to graphene [21�1�0] direction (the angle 

between the base vectors of the graphene unit cell is chosen to be 120o) while taking XRD data. 

RHEED azimuthal scan in upper curve of Fig. 5.4(d) has six peaks, corresponding to (10), (01), 

(1�1), (1�0), (01�) and (11�) in the 2D reciprocal space of graphene. In the XRD azimuthal scan from 

the SnS{160} planes, we expect a 6-fold symmetry. However, there are azimuthally evenly spaced 

12 peaks instead of six, and the average separation between two adjacent peaks is 30 ± 1o. Among 

those 12 peaks, six peaks’ azimuthal positions align with the six peak positions in the RHEED 

azimuthal scan from the graphene and the intensities are two to three times higher than the 

intensities of the six peaks that are 30o apart. This means that although SnS film follows the 

symmetry of graphene, there exists two sets of domains having preferred relative rotation angles 

between SnS film and graphene with different probability. Atomic ball models showing 0o and 30o 
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rotation at the interface between SnS(010) lattice and graphene lattice are presented in Figs. 5.4(e) 

and (f), respectively. The two perpendicular arrows in black color near each atomic model indicate 

the in-plane orientation of graphene lattice (black balls) while the arrows in blue indicate that of 

SnS(010) lattice (blue and yellow balls representing Sn and S atoms, respectively). Majority of the 

grains in the SnS film follows <100>SnS // <101�0>graphene epitaxial relationship while the rest 

follows <100>SnS // <21�1�0>graphene. Note that the angle between [101�0] direction and [21�1�0] 

direction is 30o. The corresponding rotation angles are (i·60o+30o) and i·60o (where i is an integer). 

The relative rotation angle is defined as 0o while the SnS [100] direction is aligned with graphene 

[21�1�0] direction. First-principles calculation of the interaction energy for SnS/graphene system 

has been reported earlier by Leung et al. 131, where they found the surface potential energy between 

SnS layer and graphene has a global minimum at rotation angle of i·60o and a local minimum at 

(i·60o+30o). The values of these two angles agree with our experimental results. However, they 

claimed that i·60o is the most preferred rotation angle while we found (i·60o+30o) angles 

dominates. 

Literature reports studies of hetero systems using graphene as a buffer layer for van der 

Waals epitaxy. Examples are: (1) Metalorganic chemical vapor deposition of parallel epitaxial 

CdTe(111) was grown on graphene buffered SiO2/Si 133. The lattice mismatch between CdTe and 

graphene is 46% and the symmetry changes from hexagonal graphene to Cubic CdTe. (2) Thermal 

evaporation of epitaxial CdS(001) film was grown on single crystal graphene buffered SiO2/Si 

substrate 134. (3) GaAs film was grown on either exfoliated graphite flakes on Si substrate or CVD 

graphene on Si substrate. The GaAs film has a good (111) rocking curve of 0.06o but the pole 

figure shows a polycrystalline film 155. (4)  Over 50% of 2D GaSe domains grown on transferred 

graphene buffer layer on SiO2/Si substrate adopts a preferred orientation with 10.5 ± 0.3o interlayer 
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rotation 156. This lack of in-plane epitaxy in a film results from the random grain boundaries existed 

in transferred graphene layer that often has wrinkles 63. Clear and definite epitaxial film was 

demonstrated when the graphene layer was grown in situ from SiC wafer. An example is the 

growth of topological insolating Bi2Se3 film on either graphene buffer layer grown in situ on 4H-

SiC wafer substrate 157 or double-layer graphene buffer layer grown in situ on 6H-SiC(0001) 

substrate 158. Non-layered epitaxial GaN film with 0.06o rocking curve has also be demonstrated 

on graphene grown in situ on 4H-SiC(0001) 132. These previous reports indicate that a transferred 

graphene buffer layer on an amorphous substrate differs from the graphene layer grown on a single 

crystal substrate. The structural and grain boundaries of CVD grown graphene on polycrystalline 

Cu metal foils have relative rotational angles that exist among different grains 62. 

In addition to the 12 poles observed in the X-ray pole figure shown in Figs. 5.4(a) and (b), 

there is also a continuous ring at the same chi angle. The ring implies the existence of grains 

without a preferred in-plane-orientation, which may be associated with the randomly distributed 

flakes on the flat surface found in the SEM images. To confirm this, we used the surface sensitive 

RHEED measurement, to characterize the film structure and texture near surface. Figures 5.3(c) 

and (d) show the RHEED patterns of the SnS films grown on the polycrystalline graphene and the 

singe crystal graphene taken at certain sample’s in-plane azimuthal angles. The pattern consists of 

closely spaced concentric rings of intensity centered on the straight-through (S.T.) spot as well as 

some localized diffraction intensities at certain positions on each ring. Those rings in RHEED 

pattern indicate the presence of randomly distributed grains near the surface of the SnS film. 

Similar RHEED patterns were observed at other in-plane azimuthal angles. The fact that the 

intensities in the rings are not uniform indicates that the grain orientations near the surface of the 

SnS films have a texture consisted of grains that are not completely random in all directions 159. 
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Quantitative analyses of RHEED patterns in the radial direction are presented in the 

following to obtain the structure near the surface. The corresponding radial scans are inserted on 

the right in Figs. 5.3(c) and (d) to show the intensity variation as a function of reciprocal distance 

or as a function of momentum transfer perpendicular to the substrate (k⊥) for SnS films grown on 

polycrystalline graphene and single crystal graphene, respectively. These curves were obtained by 

integrating intensity between the red dashed lines perpendicular to the substrate in the RHEED 

patterns shown in Figs. 5.3(c) and (d). Each peak in the radial scans corresponds to a diffraction 

ring in the RHEED pattern. The shape of each peak is fitted using a Gaussian function after 

subtracting the background, which is taken to be the diffraction intensity slightly outside of the 

ring 92. We took the center of the fitted Gaussian function as the peak position. Setting the straight-

through spot as the origin, we can determine the radii of each ring, or namely, the reciprocal 

distance from the origin to a point on a certain ring, as its corresponding peak position in the radial 

scan. The reciprocal distance k is related to the lattice constants of an orthorhombic crystal through 

the relation: 𝑘𝑘2 = 1
𝑑𝑑ℎ𝑘𝑘𝑘𝑘
2 = ℎ2

𝑎𝑎2
+ 𝑘𝑘2

𝑏𝑏2
+ 𝑙𝑙2

𝑐𝑐2
 . The lattice constants of SnS determined from the XRD are: 

a = 4.33 Å, b = 11.19Å, c = 3.98Å. Using these values, we calculated the expected radii of rings 

associated with different (hkl) indices for SnS film. By matching calculated radii with the 

measured positions of peaks k, we determined the (hkl) for each peak, as is labeled at each peak in 

the radial scan.  

Using the same methodology just described, the spots in the RHEED patterns shown in 

Figs. 5.3(c) and (d) were indexed. The SnS film grown on the commercial graphene shows an 

(111) out-of-plane orientation (diamond unit mesh outlined by dashed blue lines) while the SnS 

film grown on single crystal graphene shows an (010) out-of-plane orientation (square unit mesh 

outlined by dashed blue lines). Compared to the XRD results, the RHEED results confirmed the 
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(010) orientation near the surface of the SnS film grown on the single crystal graphene and a 

dominant (111) orientation near the surface of the SnS film grown on the polycrystalline graphene. 

Due to the strong electron scattering and the near surface protrusions seen in Figs. 5.1(c) – (f), 

RHEED can reveal orientation(s) within the electron mean free path (tens nm) near a surface. The 

radial scan in Fig. 5.3(c) shows orientations such as (200), (141), (002), and (211), in addition to 

the (111) out-of-plane orientation from near the surface of SnS on the polycrystalline graphene. 

Similarly, more orientations such as (021), (141), and (112), in addition to the (010) out-of-plane 

orientation were observed near the surface of the SnS film grown on the single crystal graphene. 

This means there exist additional minor orientations near the surface that XRD are not able to 

detect.  

5.3 van der Waals Epitaxy of CdTe on Mica 

5.3.1 AFM and RHEED 

van der Waals epitaxial CdTe thin film has been grown on mica substrate using the VTD 

method (see more details in Chapter 1.3.1.5). Figure 5.5(a) shows the RHEED pattern measured 

from the CdTe surface using 20 keV electrons. The zone axis (ZA) is along the [01�1] direction of 

CdTe. The intensity of the diffraction spots is very weak, but still visible. The (hkl) indices are 

labeled beside some diffraction spots. The spots in the central vertical dashed line in Fig. 5.5(a) 

are identified as (333) and (444), suggesting a (111) out-of-plane orientation. The spots on the two 

sides appear in pairs, which is caused by the crystal twining along the [111] twin axis. This result 

is very similar to what has been reported in the literature for CdTe grown on mica using MOCVD 

160. The reason for such a weak intensity is that the surface of this CdTe/mica sample is too rough. 

Therefore, the diffracted signal gets buried in a diffuse background in the diffraction pattern. 
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The surface morphology has been measured from this sample using AFM, as shown in 

Figures 5.5(b) and (c). From Fig. 5.5(b) we calculated the RMS roughness to be w = 16.5 ± 0.1 

nm, the lateral correlation length to be ξ = 1.0 ± 0.1 μm, and the roughness exponent to be α = 0.7 

± 0.1 assuming a self-affine surface. The lateral correlation length ξ represents the average flake 

lateral size. The relatively large RMS roughness of ~16.5 nm proves that the surface might indeed 

have contributed to a lot of diffuse scattering in the RHEED measurement. Figure 5.5(c) shows a 

zoomed-in view of Fig. 5.5(b), which shows that the triangle flakes are sitting on a coalesced layer. 

The thickness of each flake is measured to be ~15 nm.  

After the characterization of the CdTe surface, this CdTe film has been successfully 

exfoliated from the mica substrate (see details in Chapter 1.3.1.6). The revealed CdTe interface is 

supposed to be much smoother than the CdTe surface due to the flat mica surface. This has been 

checked with AFM and RHEED measurements. Figure 5.5(d) shows the RHEED pattern measured 

Figure 5.5: RHEED patterns from (a) the CdTe surface and (d) the CdTe interface revealed 
by the exfoliation. The Miller indices, the straight through (S.T.) spot and the zone axis 

(ZA) are labeled in both figures. A central dashed line is drawn on (a) to indicate the out-of-
plane direction. AFM images from (b), (c) the CdTe surface and (e), (f) the CdTe interface. 

The unit in the color bars in (b), (c), (e) and (f) is nanometer. 
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from the CdTe interface using 20 keV electrons along the [112�] zone axis of CdTe. The streaky 

RHEED pattern indicates that the surface is smooth in the microscopic scale. The streaks at the 

center are labeled using two Miller indices on Fig. 5.5(d). Notice that the streaks are tilted to the 

left while the shadowing edge is almost horizontal. This might indicate that the CdTe interface is 

not flat in the macroscopic scale after the exfoliation process. Figures 5.5(e) and (f) show the AFM 

images measured from the CdTe interface. From Fig. 5.5(e) the RMS roughness, lateral correlation 

length, and roughness exponent are calculated to be w = 14.5 ± 0.1 nm, ξ = 3.7 ± 0.1 μm, and α = 

0.9 ± 0.1, respectively. The roughness of the CdTe interface is comparable to that of the CdTe 

surface, but the lateral correlation length is about 4 times larger. In addition, no triangle-shape 

flake has been observed from the CdTe interface. More study on the origin of roughness is needed. 

5.3.2 HRLEED 

In order to quantitatively analyze the structure of the CdTe interface, the CdTe/epoxy/Si 

sample after the exfoliation process has been loaded into the HRLEED chamber for HRLEED 

measurements. Figures 5.6(a) and (b) compare the photos of the CdTe interface/epoxy/Si sample 

mounted on the HRLEED sample holder before and after the in situ annealing, respectively. From 

Fig. 5.6(b) we can see that the CdTe film became severely warped after the in situ annealing at 

around 200 oC for ~4 hours. In addition, the surface was covered with contaminants consisting of 

carbon and oxygen, as evidenced by the AES scan taken after the in situ annealing shown in Fig. 

5.6(c). The surface condition was no longer suitable for HRLEED measurement. Future attempts 

will be made to finish the HRLEED characterization. 

5.4 Conclusion 

We demonstrate that a sub-micron thick layered metal chalcogenide SnS film can be grown 

epitaxially on an amorphous substrate buffered by a monolayer single crystal graphene, and that 
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CdTe thin film can be grown on the mica substrate and then exfoliated off to reveal a flat surface. 

For the SnS film, our structural characterization through X-ray pole figure shows (1) the SnS films 

grown on both commercial polycrystalline and homemade single crystal graphene substrates are 

epitaxial films with the [010]SnS // [0001]graphene out-of-plane orientation. (2) For vdWE growth, the 

Figure 5.6: Photos of the CdTe interface /epoxy/Si sample mounted on the HRLEED 
sample holder (a) before and (b) after the in situ annealing at around 200 oC for ~4 hours. 
The positions of the CdTe film and the epoxy coated Si wafer are indicated in (a). (c) The 
AES spectrum from the surface of CdTe interface after annealing. The carbon KLL and 

oxygen KLL peak positions are labeled in (c). 
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structure of the graphene substrate has an influence on the SnS epi-layer. The SnS film will follow 

the symmetry of the graphene substrate. Even though the SnS film grown on the single crystal 

graphene exhibits a 6-fold symmetry, there exists two sets of relative rotation angles (i·60o and 

i·60o +30o) between SnS and graphene while the (i·60o +30o) angles dominate. The in-plane epitaxy 

for the dominant domains follows <100>SnS // <101�0>graphene while the minor domains follows 

<100>SnS // <21�1�0>graphene. (3) EBSD IPF-X maps of SnS(010) films on both graphene substrates 

reveal the in-plane grain boundaries with grain orientation in 30o increment consistent with X-ray 

result. The grain size in SnS(010) film grown on single crystal graphene is about 1 µm. (4) The 

RHEED measurement shows that the near surface texture of the SnS film grown on single crystal 

graphene is (010) while the near surface texture of SnS film grown on polycrystalline graphene 

has a mixture of (010) and (111) with more dominant (111).  

For the CdTe film, the RHEED pattern from the CdTe surface shows that it has a rough 

surface with the (111) out-of-plane orientation and crystal twinning around the [111] twin axis. 

The AFM images show triangle CdTe flakes with ~1 μm lateral size and ~15 nm thickness. As a 

comparison, the RHEED pattern from the CdTe interface indicates a microscopically smooth but 

macroscopically warped surface, while the AFM images show that the CdTe interface has a similar 

roughness as the CdTe surface but the lateral correlation length is much larger. 
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6. FUTURE WORK 

The work presented in this thesis has enabled us to study the 2D materials from some new 

perspectives. It paves the way for future studies on the novel applications of electron diffraction 

techniques and the undiscovered properties of the 2D materials. They include: 

1. Direct structural determination by Weissenberg RHEED, which is an alternative 

terminology for ARHEED, has been demonstrated by Abukawa et al. through quantitative 

analysis of the 3D Patterson function 161. This technique may be used to confirm the 

arrangement of the buffer layer atoms observed at the interface of MoS2 and sapphire by 

TEM imaging and supported by DFT calculations. 

2. Pristine MoS2 is a diamagnetic material. But the ferromagnetism can be induced in ML or 

ultra-thin MoS2 at room temperature by the formation of defects using hydrogenation 162, 

hydrothermal treatment 163 or strain 164. As presented in Chapter 3, the defects give rise to 

diffraction peak broadening. Therefore, ARHEED can be combined with the magneto 

optical Kerr effect (MOKE) and magnetic force microscopy (MFM) to study the effect of 

defects on the induced ferromagnetism in MoS2. 

3. The exfoliated CdTe film from mica substrate became severally warped after the in situ 

annealing at around 200 oC for ~4 hours, making it impossible to be studied using 

HRLEED. This deformation might be due to that the two consecutively cured epoxy layers 

failed to make a seamless and secured contact during the exfoliation process. The 

exfoliation process needs to be optimized to make sure the bonding between the two epoxy 

layers are strong enough to hold them together when heated up to ~200 oC. The O and C 

contaminations also need to be removed by in situ Ar ion sputtering and annealing at an 

elevated temperature. Once the exfoliation process of CdTe from mica is optimized and 
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can survive under the temperature annealing, the structure of the CdTe surface revealed by 

the exfoliation can be quantitatively studied using HRLEED. The ideal experiment is to 

perform in situ CdTe growth and in situ HRLEED measurement of ultrathin CdTe. This 

will avoid sample contamination and sample exfoliation. This will increase the chance to 

grow and discover the double layer honeycomb (DLHC) structure predicted by DFT 

theory. 
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APPENDIX A: 1D INCOMMENSURATE DOMAIN MODEL - 
ANALYTICAL SOLUTION 

Crystals formed by coalescence of different domains usually develop antiphase domains 9. 

If the domains do not rotate relative to each other, they are also called translational antiphase 

domains. Antiphase domains by definition refer to those with π/2 phase difference. However, this 

is only a special case when the lattice constant of the over layer is twice that of the substrate. A 

more general terminology for those kinds of domains are the so called incommensurate domains. 

Let’s denote the base vectors of the epilayer and the substrate by b and a, respectively. Suppose 

the lattice constants of the epilayer and the substrate are rational numbers up to the experimental 

precision, then there must exist two coprime integers B and A such that: 

𝐵𝐵𝒃𝒃 = 𝐴𝐴𝒂𝒂. (A. 1) 

For any two lattice points in the epilayer, their coordinates are: 

𝒓𝒓𝑖𝑖 = 𝑛𝑛𝑖𝑖𝒂𝒂 + 𝜈𝜈𝑖𝑖𝒃𝒃, (A. 2𝑎𝑎) 

𝒓𝒓𝑗𝑗 = 𝑛𝑛𝑗𝑗𝒂𝒂 + 𝜈𝜈𝑗𝑗𝒃𝒃. (A. 2𝑏𝑏) 

Their relative position vector is: 

Δ𝒓𝒓 = 𝒓𝒓𝑖𝑖 − 𝒓𝒓𝑗𝑗  

= �𝑛𝑛𝑖𝑖 − 𝑛𝑛𝑗𝑗�𝒂𝒂 + �𝜈𝜈𝑖𝑖 − 𝜈𝜈𝑗𝑗�𝒃𝒃 

= Δ𝑛𝑛𝒂𝒂 + Δ𝜈𝜈𝒃𝒃 = (Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈)𝒃𝒃/𝐴𝐴. (A. 3) 

At the boundary, the distance between the two lattice points must be equal or larger than b 

but smaller than 2b, or namely: 

𝑏𝑏 ≤ |Δ𝒓𝒓| = (Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈)𝑏𝑏/𝐴𝐴 < 2𝑏𝑏. (A. 4) 

Therefore, 

𝐴𝐴 ≤ Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈 < 2𝐴𝐴. (A. 5) 



120 
 

Since Δ𝑛𝑛, Δ𝜈𝜈 can be any integer numbers and A, B are coprime numbers, according to 

Bézout's identity 165, for any integer d, there exists integers Δ𝑛𝑛 and Δ𝜈𝜈 such that Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈 = 𝑑𝑑. 

Thus, under the constrain of Eq. (A.5), in total Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈 can take A possible integer values. This 

means that there will be a total of A kinds of boundaries and the length of the gap at the boundary 

will be (1 + 𝑛𝑛/𝐴𝐴)𝑏𝑏, where n = 0, 1, 2, …, A-1, if 𝐵𝐵𝒃𝒃 = 𝐴𝐴𝒂𝒂. The solution to the equation Δ𝑛𝑛𝑛𝑛 +

Δ𝜈𝜈𝜈𝜈 = 𝑛𝑛 can be represented by: 

(Δ𝑛𝑛,Δ𝜈𝜈) = (𝑛𝑛Δ𝑛𝑛0 − 𝑛𝑛𝑛𝑛𝑛𝑛,𝑛𝑛Δ𝜈𝜈0 + 𝑛𝑛𝑛𝑛𝑛𝑛 ), (A. 6) 

where Δ𝑛𝑛0  and Δ𝜈𝜈0  satisfy Δ𝑛𝑛0𝐵𝐵 + Δ𝜈𝜈0𝐴𝐴 = 1  and k is an arbitrary integer. The A possible n 

values, however, occur with different possibilities. The probability P(n) of getting n that satisfies: 

�Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈 = 𝑛𝑛
𝐴𝐴 ≤ n < 2𝐴𝐴 , (A. 7) 

is therefore given by: 

𝑃𝑃(𝑛𝑛) =
1
𝑛𝑛𝑛𝑛

1
𝑛𝑛𝑛𝑛

∑ 1
𝑖𝑖2𝐴𝐴𝐴𝐴

2𝐴𝐴−1
𝑖𝑖=𝐴𝐴

=
1
𝑛𝑛2

∑ 1
𝑖𝑖2

2𝐴𝐴−1
𝑖𝑖=𝐴𝐴

= 1
𝑛𝑛2�𝐻𝐻2𝐴𝐴−1,2−𝐻𝐻𝐴𝐴−1,2�

, (A. 8) 

where 𝐻𝐻𝑛𝑛,2 = ∑ 1
𝑘𝑘2

𝑛𝑛
𝑘𝑘=1  is the second order generalized harmonic number.  

In the case of monolayer MoS2 grown on a sapphire substrate, both the MoS2 and sapphire 

have the hexagonal structure. The in-plane lattice constants of MoS2 and sapphire(0001) are b = 

3.15 Å and a = 4.76 Å, respectively. The lattice mismatch is ~34% = (4.76 – 3.15)/4.76. It’s easy 

to find that 68 × 3.15 = 45 × 4.76, so B = 68 and A = 45. Therefore, there are 45 different kinds 

of boundaries. Figure A1(a) is a schematic of the one-dimensional atomic ball model showing an 

MoS2 overlayer on the sapphire substrate without any boundary. Figures A1(b), (c), and (d) are 

one-dimensional models illustrating some possible domain boundaries. The dashed lines indicate 

the positions where the epilayer site and the substrate site line up. 
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Figure A1: Schematics of some different types 1D incommensurate domain boundaries for 
MoS2 forming parallel epitaxy with sapphire substrate with (a) no boundary, (b) boundary gap 

= 1.51 b, (c) boundary gap = 1.02 b and (d) boundary gap = 1.53 b, where b is the MoS2 
lattice constant b = 3.15 Å. The vertical dashed lines represent where the epilayer lattice and 

substrate lattice line up.  
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The diffracted intensity from a one-dimensional randomly nucleated domains with a 

geometrical size distribution can be written as 91: 

𝐼𝐼(𝑥𝑥) =
1 − 𝑓𝑓𝑏𝑏2

1 + 𝑓𝑓𝑏𝑏2 − 2𝑓𝑓𝑏𝑏 𝑐𝑐𝑐𝑐𝑐𝑐(2π𝑥𝑥) , (A. 9) 

where 𝑓𝑓b(𝑥𝑥) is called the boundary structure factor and is given by: 

𝑓𝑓𝑏𝑏(𝑥𝑥) = 1 − γ𝑏𝑏 + γ𝑏𝑏 �� cos [2𝜋𝜋(1 +  𝑛𝑛/𝐴𝐴)𝑥𝑥]𝑃𝑃(𝑛𝑛)}
𝐴𝐴−1

𝑛𝑛=0

� , (A. 10) 

where x = 𝒌𝒌 ∙ 𝒃𝒃/2π, 𝛾𝛾𝑏𝑏 is the probability of encountering a boundary when moving from one lattice 

to the adjacent one and 𝑃𝑃(𝑛𝑛) is defined in Eq. (A.8). Note that in the original work by Lu et al., 

different types of boundaries are assumed to have equal probabilities. However, the larger gaps 

are less probable, that’s why 1/A is replaced with 𝑃𝑃(𝑛𝑛) here. According to the definition of 𝛾𝛾𝑏𝑏, it 

is seen that the average domain size is 𝑏𝑏/𝛾𝛾𝑏𝑏. In Eq. (A.10), the intensity of the (00) diffraction spot 

diverges at 𝑥𝑥 = 0, so the HWHM of the peak at x = 0 is left undetermined. 
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APPENDIX B: 2D INCOMMENSURATE DOMAIN MODEL - 
NUMERICAL SIMULATION 

In the 2D case, denote the base vectors of the epilayer and the substrate as 𝒃𝒃1, 𝒃𝒃2 and 𝒂𝒂1, 

𝒂𝒂2, respectively. Similarly, we have: 

𝐵𝐵1𝒃𝒃𝟏𝟏 = 𝐴𝐴1𝒂𝒂1, (B. 1𝑎𝑎) 

𝐵𝐵2𝒃𝒃𝟐𝟐 = 𝐴𝐴2𝒂𝒂2. (B. 1𝑏𝑏) 

And 

𝒓𝒓𝑖𝑖 = 𝑛𝑛𝑖𝑖𝒂𝒂1 + 𝑚𝑚𝑖𝑖𝒂𝒂2 + 𝜈𝜈𝑖𝑖𝒃𝒃1 + 𝜇𝜇𝑖𝑖𝒃𝒃2, (B. 2𝑎𝑎) 

𝒓𝒓𝑗𝑗 = 𝑛𝑛𝑗𝑗𝒂𝒂1 + 𝑚𝑚𝑗𝑗𝒂𝒂2 + 𝜈𝜈𝑗𝑗𝒃𝒃1 + 𝜇𝜇𝑗𝑗𝒃𝒃2. (B. 2𝑏𝑏) 

∆𝒓𝒓 = �
𝛥𝛥𝑛𝑛𝐵𝐵1
𝐴𝐴1

+ 𝛥𝛥𝛥𝛥� 𝒃𝒃1 + �
𝛥𝛥𝑚𝑚𝐵𝐵2
𝐴𝐴2

+ 𝛥𝛥𝛥𝛥�𝒃𝒃2. (B. 3) 

Suppose both epilayer and the substrate have hexagonal lattices, |𝒃𝒃1| = |𝒃𝒃2| = 𝑏𝑏  and 

|𝒂𝒂1| = |𝒂𝒂𝟐𝟐| = 𝑎𝑎, the angle between base vectors is 60o. Thus Eq. (B.3) can be simplified as: 

∆𝒓𝒓 = (𝛥𝛥𝑛𝑛𝑛𝑛 + 𝛥𝛥𝛥𝛥𝛥𝛥)𝒃𝒃1/𝐴𝐴 + (𝛥𝛥𝑚𝑚𝑚𝑚 + 𝛥𝛥𝛥𝛥𝛥𝛥)𝒃𝒃2/𝐴𝐴. (B. 4) 

Substituting Δ𝑛𝑛𝑛𝑛 + Δ𝜈𝜈𝜈𝜈 = 𝑛𝑛 and 𝛥𝛥𝛥𝛥𝛥𝛥 + 𝛥𝛥𝛥𝛥𝛥𝛥 = 𝑚𝑚 into Eq. (B.4): 

|∆𝒓𝒓| =
𝑏𝑏
𝐴𝐴
�𝑛𝑛2 + 𝑚𝑚2 + 𝑛𝑛𝑛𝑛. (B. 5) 

By requiring that 𝑏𝑏 ≤ |Δ𝒓𝒓| < 2𝑏𝑏, we have: 

𝐴𝐴2 ≤ 𝑛𝑛2 + 𝑚𝑚2 + 𝑛𝑛𝑛𝑛 < 4𝐴𝐴2. (B. 6) 

This is a second order Diophantine inequality. The existence of solution as well as the 

number of solutions to this inequality are very difficult to be expressed in an analytical form. 

However, we can determine the upper bound of the number of solutions to be 3𝐴𝐴2. This means 

that in the 2D case, there will be at most 3𝐴𝐴2 different types of boundaries. 
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Since it is difficult to proceed with the analytical derivation, we have instead switched to 

the numerical route starting from the nucleation of epilayer on the substrate. For this numerical 

simulation, the following assumptions are made: 

1. Nucleation sites on the substrate are completely random. 

2. Growth front of each domain is isotropic. 

3. The epilayer grows only laterally, the nucleation centers do not shift during the growth. 

4. Domains meet with each other at the domain boundaries and stop further growth there. 

The process goes as following: First, read the structure of the epilayer and the substrate 

from the corresponding crystal information files (CIF). The information to be used are the in-plane 

lattice constants of the epilayer (b1, b2, θb) and the substrate (a1, a2, θa). Then generate the substrate 

lattice with the given shape (s) and diameter (D). This step will yield N (the total number of 

substrate lattice points) pairs of (xi
S, yi

S, zi
S) coordinates for all the substrate lattice points. After 

that, nucleation sites (xi
N, yi

N, zi
N) are chosen randomly from the N substrate sites with the given 

nucleation density ρ. The total number of nucleation sites would then be ρN. Next, a Voronoi 

diagram is created from the ρN nucleation sites. The output of this step includes the area of each 

domain (Si) and the vertices (vi
1, vi

2) defining each domain boundary. From the collection of N Si 

values, we can get the domain size distribution. Each domain is then filled with the epilayer lattice 

points within the boundaries defined by the vertices under certain rules: (1) the epilayer and the 

substrate lattices coincide at (xi
N, yi

N, zi
N) site in each domain. (2) the epilayer and the substrate 

lattices align parallel to each other. (3) the distance (r) between any two lattice points must satisfy: 

𝑚𝑚𝑚𝑚𝑚𝑚(𝑏𝑏1,𝑏𝑏2) ≤ 𝑟𝑟 < 2 𝑚𝑚𝑚𝑚𝑚𝑚(𝑏𝑏1,𝑏𝑏2). (B. 7)  
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After that, we obtain the coordinates of all epilayer lattice points (xi
E, yi

E, zi
E). Finally, the 

diffraction intensity is calculated from those lattice points kinematically using: 

𝐼𝐼�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦,𝑘𝑘𝑧𝑧� = ��𝑓𝑓𝑖𝑖𝑒𝑒
𝑖𝑖�𝑘𝑘𝑥𝑥∙𝑥𝑥𝑗𝑗

𝐸𝐸+𝑘𝑘𝑦𝑦∙𝑦𝑦𝑗𝑗
𝐸𝐸+𝑘𝑘𝑧𝑧∙𝑧𝑧𝑗𝑗

𝐸𝐸�

𝑗𝑗

�

2

, (B. 8) 

where 𝑓𝑓𝑖𝑖 is the atomic form factor, which is assumed to be a constant.  

This process of this simulation is illustrated in the flowchart shown in Figure B1. 

Figure B1: A flowchart for the numerical simulation used in the 
2D incommensurate domain model. 
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APPENDIX C: EFFECT OF INNER POTENTIAL ON THE 
RHEED PATTERNS 

Let’s denote the electron wave vectors inside and outside the crystal as 𝐾𝐾  and 𝑘𝑘 , 

respectively. The outside wave vector 𝑘𝑘, is related to the incident electron energy 𝐸𝐸0 by: 

𝐸𝐸0 =
ħ2𝑘𝑘2

2𝑚𝑚
. (C. 1) 

When the electrons enter the crystal, they gain an energy of 𝑒𝑒𝑒𝑒𝐼𝐼 , where 𝑉𝑉𝐼𝐼  is the inner 

potential. Therefore:  

ħ2𝐾𝐾2

2𝑚𝑚
=
ħ2𝑘𝑘2

2𝑚𝑚
+ 𝑒𝑒𝑒𝑒𝐼𝐼. (C. 2) 

It is more convenient to define a quantity 𝑈𝑈 that satisfy: 

𝑈𝑈 =
2𝑚𝑚𝑚𝑚𝑉𝑉𝐼𝐼
ħ2

. (C. 3) 

Therefore, the magnitudes of the electron wave vectors inside and outside the crystal are 

related by: 

𝐾𝐾2 = 𝑘𝑘2 + 𝑈𝑈. (C. 4) 

A schematic showing the incident and the refracted electron beams are shown in Fig. C1. 

Note that in the real RHEED geometry, the intensity on the center streak is diffracted from planes 

slightly tilted from the sample surface plane due to the finite radius of the Ewald sphere. Since the 

parallel component of the electron wave vector is conserved: 

𝑘𝑘 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1 = 𝐾𝐾 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1′ , (C. 5𝑎𝑎) 

𝐾𝐾 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2′ = 𝑘𝑘 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2. (C. 5𝑏𝑏) 

According to the Bragg condition for diffraction (which takes place inside the crystal): 

2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠
𝜃𝜃1′ + 𝜃𝜃2′

2
= 𝜆𝜆 =

2𝜋𝜋
𝐾𝐾

. (C. 6) 
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Combining the above equations, one can express 𝜃𝜃2 in terms of 𝜃𝜃1, 𝐸𝐸0 and 𝑉𝑉𝐼𝐼 for the (00l) 

reflections as:  

𝜃𝜃200𝑙𝑙 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ��
𝐸𝐸0 + 𝑒𝑒𝑉𝑉𝐼𝐼

𝐸𝐸0
𝐶𝐶𝑜𝑜𝑠𝑠 �𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ��

𝐸𝐸0
𝐸𝐸0 + 𝑒𝑒𝑉𝑉𝐼𝐼

𝐶𝐶𝐶𝐶𝐶𝐶𝜃𝜃1� − 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �
0.015 ∙ 𝑙𝑙
�𝐸𝐸0 + 𝑒𝑒𝑉𝑉𝐼𝐼

��� . (C. 7) 

 

  

Figure C1: A schematic showing the RHEED geometry. 𝑲𝑲 and 𝒌𝒌 are the electron wave 
vectors inside and outside the crystal, respectively. θ1 is the incident angle and θ2 is the 
outgoing angle from the crystal surface. θ'1 and θ'2 are the incident angle and outgoing 
angle, respectively, from the plane by which the electron beam is diffracted inside the 

crystal.   
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APPENDIX D: HRLEED PATTERN AND IV SIMULATION 
FROM MONOLAYER CADMIUM TELLURIDE 

As was predicted by Lucking et al. 146, conventional 3D materials such as CdTe could 

stabilize in DLHC structure. HRLEED would be an excellent tool to carry out an in situ study of 

the growth and structure of this material. While a dynamic LEED theory is necessary to describe 

the dependence between geometric atomic structure in the unit cell and the intensity 35, we can still 

qualitatively determine what the HRLEED pattern and IV curve would look like through a 

kinematic approximation because the multiple scattering which gives rise to the dynamical effects 

will never modify the spot positions on the HRLEED 2D map 120.  

Three possible structures for a monolayer CdTe have been used for the simulation: 

zincblende (a = b = 4.58 Å, c = 11.22 Å, γ = 120o), hexagonal (a = b = 4.68 Å, c = 7.67 Å, γ = 

120o) and DLHC (a = b = 4.64 Å, c = 14.32 Å, γ = 120o). Atomic ball models of each structure are 

presented in Figs. D1(a), (b) and (c) in cross-section view and Figs. D1(d), (e) and (f) in top view. 

According to the kinematic diffraction theory, the diffraction intensity is proportional to the 

magnitude square of the structure factor. The simulated HRLEED patterns at 𝑘𝑘⊥ = 0.84 Å−1 

corresponding to zincblende, hexagonal and DLHC structures are shown in Figs. D1(g), (h) and 

(i), respectively. From the simulated patterns, we can conclude that both zincblende and DLHC 

structures are 3-fold symmetric, while the hexagonal structure has an exact 6-fold symmetry. This 

immediately gives us a way to tell the DLHC structure apart from the hexagonal structure. 

Figures D2 shows the simulated IV curves from the three structures. The second peak 

positions are at 1.53 Å−1, 1.50 Å−1 and 1.77 Å−1 for zincblende, hexagonal and DLHC structures, 

respectively, as are labeled on Fig. D2. The IV curves from zincblende and hexagonal  
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Figure D1: Cross-section view atomic ball models for monolayer CdTe in (a) zincblende, (b) 
hexagonal and (c) DLHC structures. Top-view atomic ball models for monolayer CdTe in (d) 
zincblende, (e) hexagonal and (f) DLHC structures. The two arrows on the top-right corner 

indicate the directions of CdTe base vectors b and c. Simulated HR-LEED patterns for 
monolayer CdTe in (g) zincblende, (h) hexagonal and (i) DLHC structures. 

Figure D2: Simulated I-V curves for monolayer CdTe in zincblende, hexagonal and DLHC 
structures. The center positions of some peak in the simulated curves are labeled on the figure. 
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structures are almost the same, while that from DLHC is quite different. The center position of the 

second peak in the IV from DLHC structure differs by ~16 % from the zincblende and hexagonal 

structure. This makes it possible for us to distinguish DLHC from the other two. Combining the 

HRLEED pattern and the IV curve, we can determine what is the atomic structure of the CdTe 

film. 
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