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ABSTRACT 

Tin monosulfide (SnS), possessing both direct (1.3eV) and indirect (1.1eV) band gap, 

as a two-dimensional compound material, have been investigated for the fabrication 

of optoelectronic devices. To improve the quality of SnS thin films, a novel van der 

Waals epitaxial growth using Molecular Beam Epitaxy (MBE) technique was 

introduced. The crystallinity of SnS thin films along the growth orientation [010] were 

substantially improved by introducing a graphene buffer layer between SnS and 

atomic flat substrates, which were confirmed by both rocking curves of X-ray 

diffraction (XRD) and images of Secondary Electron Microscopy (SEM). Based on 

our Cambridge Serial Total Energy Package (CASTEP) simulation results, Cu was a 

good p-type dopant for SnS, which were confirmed by systemic studies of Cu doped 

SnS thin films by the coevaporation of Cu metal and SnS compound. Hole 

concentration could precisely be controlled from ~1×1016cm-3 to ~6×1017cm-3 by 

carefully adjusting the temperature of Cu K-cell. Maximum hole mobility of 81cm2/Vs 

was observed at hole concentration of 1.2×1017cm-3.  

 

For a better understanding of the crystallinity improvements of SnS, Vienna Ab-initio 

Simulation Package (VASP) simulation was introduced to investigate the growth 

mechanism of SnS on both three-dimensional (3D) substrate (GaAs) and two-

dimensional (2D) substrate (graphene). A SnS/GaAs(100) interface of high density of 

chemical bonds and serious lattice distortion was observed while the simulation results 

on SnS/graphene model exhibited an abrupt interface with little to no strain and a 

distance of 3.22Å between atomic layers of SnS and graphene. Meanwhile two kinds 

of preferred lateral configurations of SnS/graphene with a periodicity of 60o were 

discovered.  
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The results of Transmission Electron Microscopy (TEM) and XRD phi scan were in 

excellent agreement with the simulation results. High-resolution TEM (HRTEM) 

cross-sectional view image of SnS/GaAs interface showed an amorphous layer of 

~5nm thick, where randomly oriented SnS clusters were observed, indicating serious 

interactions between GaAs and SnS. Meanwhile, abrupt SnS/graphene interface with 

atomic layer distance of 2.95Å was observed by HRTEM. A total 36 lateral 

orientations of SnS on graphene were observed from XRD phi scan for SnS (160) 

reflection, implying a high density of grain boundaries. Direct observation of SnS 

grain boundaries of relative 60o and 30o orientations were observed in the top view 

images of HRTEM. To investigate the trap density inside SnS films, low-frequency 

noise measurements were conducted on SnS resistive devices. Based on the thermal 

activation model for low-frequency excessive noise, the Hooge parameter obtained at 

260K and 10Hz was found to be 0.68, which was much larger than the value obtained 

on common electronic devices, ~2×10-3, indicating a rather high trap density inside 

the SnS material. 

 

SnS based heterojunctions were fabricated by directly depositing of SnS thin films on 

n-type substrates, Gallium Nitride (GaN) and Aluminium Zinc Oxide (AZO), in MBE 

system. To investigate the band alignment at the interface of heterojunctions, results 

of X-ray photoelectron spectroscopy (XPS) were studied. A type II heterojunction 

between SnS and AZO were identified, which was consistent to the reports in literature. 

For SnS/GaN devices, an electron barrier results from the large CBO (+0.5eV) was 

detected, which blocked the flowing of photo-generated electrons from SnS to GaN. 

On the contrary, the flow of photo-generated holes from GaN to SnS was not affected. 

In addition, the Responsivity spectra of SnS/GaN devices clearly demonstrated a 

strong photo-sensitivity in the UV range. Thus the SnS/GaN devices are feasible for 

the application of UV detector. 
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CHAPTER 1  INTRODUCTION AND 

BACKGROUND 

1.1  Introduction 

The continued dependence of fossil fuels as our main source of energy will have a 

significant impact on our global ecosystem by furthering air pollution, acid rains, 

greenhouse effects and other concerns. All these will impact the earth’s climate and 

human health. With global industrialization rapidly developing, these problems are 

getting more and more severe, and much effort is needed to alleviate these issues. A 

related issue is that the amount of conventional natural resources is limited. If the 

growth rate of consumption of conventional natural resources remains unchanged, it 

is anticipated that the fossil fuels would be exhausted in the not too distant future.[1, 

2] Thus new energy resources, which satisfy certain conditions—clean, renewable and 

abundant in quantity—are needed for the development of the global economy. 

1.1.1  Solar energy 

The energy from the sun is one of the most promising sources of renewable energy. 

The advantages of using solar energy are as follows:  

1. Infinite in quantity – every second the energy radiated out by the Sun is 

measured at 3.8x1023kW. Every year the total solar energy reaching the earth’s surface 

is equivalent to the energy generated by 1.892x1013 tons of standard coal.[3] 

Compared with conventional energy resources, solar energy is basically infinite.  

2. Solar power is ubiquitous and thus people from all parts of the world can have 

access. Therefore, the use of solar energy is not limited to location and has the 
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capability to be integrated with various forms of infrastructure. No other energy 

resource possesses these properties. 

 

Figure 1.1 shows the solar radiation spectrum of sunlight at the top of the atmosphere 

and at sea level. It can be seen that there is a significant reduction of solar power at 

sea level due to the reflection and absorption effects on solar radiation by the earth’s 

atmosphere. According to the spectrum of solar radiation at sea level, it can be 

identified that about half of the solar energy is within the range of visible light. To 

utilize the solar energy efficiently, it is important for solar power harvesting devices 

to absorb all of the visible light. Since sunlight could be absorbed and reflected in the 

atmosphere, the path of sunlight traveling through the atmosphere would 

tremendously affect the energy of solar radiation that reaches the earth’s surface. As 

shown in Figure 1.2, an international standard for solar simulation is established. AM 

stand for Air Mass, it describes the length of sunlight traveling through the earth’s 

atmosphere. AM 0 measures that sunlight is not affected by the earth’s atmosphere, 

one air mass (AM 1.0) indicates the thickness of the atmosphere and 1.5 air mass 

(AM1.5) denotes the length of sunlight travelling through the earth’s atmosphere as 

being equal to 1.5 times that of the atmosphere’s thickness. The power density of AM 

1.5 is about 1000W/m2.[4, 5] 
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Figure 1.1 Solar radiation spectrum. [6] 

 

 

Figure 1.2 Schematic image of the definition of air mass (AM). 
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The following equation is used to characterize the performance of certain energy 

harvesting devices: 

                     𝜂 =
𝑃𝑚𝑎𝑥

𝐸⋅𝐴𝑑𝑒𝑣𝑖𝑐𝑒
,        (1.1) 

where η indicates the power conversion efficiency of the device, Pmax is the maximum 

point of converted solar power by the device, E is the power density of sunlight 

(usually AM1.5) and Adevice indicates the device area. 

1.1.2  Motivation 

Several methods (photo-thermal techniques, for example) have been applied to absorb 

the energy of sunlight.[7-9] Among them, the photovoltaic solar cell is the most direct 

one by which the solar energy is directly transformed into electrical energy, as shown 

in Figure 1.3. This technique utilizes a p-n junction as the building block, which is 

thus capable of adsorbing the energy of solar radiation to generate and separate 

electron-hole pairs spontaneously. Subsequently a voltage difference is formed at the 

two ends of the solar cell to drive the external load. 
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Figure 1.3 Cross-sectional view of a solar cell.[10]  

 

A p-n junction, discovered by Russell, O.[11], is the interface or boundary of the p-

type and n-type semiconductor, as shown in Figure 1.4.[12] Different from the 

intrinsic semiconductor, both p-type and n-type semiconductors are relatively more 

conductive, as extrinsic dopants are introduced to create extra electrons or holes in the 

semiconductor matrix.[13, 14] Thus holes are the majority carriers of p-type 

semiconductors, which therefore result in higher hole concentration. As for the n-type 

semiconductor, electron concentration is higher. When a junction of p-type and n-type 

semiconductors is formed, the holes at the p-type region tend to diffuse into the n-type 

region, while electrons at the n-type region tend to diffuse into the p-type region, thus 

leaving behind negatively and positively charged fixed ions near the respective 

interfaces.[15] The charged region near the interface is named the space charge region 

or depletion region, in which an electric field is created to repel the diffusion of both 

electrons and holes. The process of electrons and holes being driven by the electric 

field is called drift. The competition between the diffusion and drift results in a thermal 

equilibrium condition. The potential difference across the p-n junction, created by the 



6 

 

electric field of depletion regions, is named as build-in voltage (Vbi), which is an 

essential factor for characterizing a photovoltaic solar cell.[16]  

 

Figure 1.4 Schematic image of p-n junction under thermal equilibrium condition at 

zero bias. The electron and hole concentrations are indicated by blue and red lines, 

respectively. Depletion regions are labeled, in which blue circles indicate negatively 

charged regions and red circles represent positively charged regions. Plots of charge 

density, electric field and voltage are shown at the bottom. 

 

There are several basic steps in the operation of solar cells: creation of photo-generated 

carriers; collection of photo-generated carriers to create a photo current; and the 

generation of voltage across the solar cell, driving an external load.[17] The first step 
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refers to the light absorption of the semiconductor. A term, absorption coefficient (α), 

is defined to characterize the light absorption properties of a semiconductor. The 

measurement of the absorption coefficient is shown in Figure 1.5: a beam of light with 

a certain wavelength strikes perpendicularly onto a semiconductor sample and is 

reflected on the sample surface and absorbed while traveling through the 

semiconductor material. The intensity of the light enters the sample at x=0 and is 

defined as: 

I(0)=Io(1-R),        (1.2) 

where Io represents the original light intensity, and R indicates the portion of light 

being reflected on the sample surface. With the light travelling further into the sample, 

the light intensity is decreased as defined by the following equation: 

Ix=Io(1-R)2e-αx,        (1.3) 

where x is the travelling length of the incident light from the surface of the sample and 

α is the absorption coefficient. It is noteworthy that the absorption coefficient is a 

function of wavelength and that a larger value of α usually indicates greater absorption 

ability.[15, 18] This phenomenon results from the fundamental process of photon 

absorption in the semiconductor, as shown in Figure 1.6. The energy band diagrams 

of two types of semiconductors, direct band gap and indirect band gap, are illustrated 

in Figure 1.6 (a) and (b), respectively.[18, 19] The term band gap refers to the energy 

difference between the valance band maximum (VBM) and conduction band 

minimum (CBM) in the energy k space.[19] For direct band gap semiconductors, the 

VBM and CBM are situated at the same k vector, indicating the same crystal 

momentum that further indicates that a photon with sufficient energy (hν≥Eg) can be 

directly absorbed and excites an electron from VBM to CBM. The relationship 

between the absorption coefficient and photon energy is explained by: 

𝛼~(ℎ𝜈 − 𝐸𝑔)1/2,       (1.4) 
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where ℎ𝜈 indicates the photon energy and Eg represents the semiconductor band gap. 

For indirect band gap semiconductors, the k vectors of VBM and CBM are different. 

Therefore, the electron cannot be excited from VBM to CBM without any change in 

crystal momentum. To fulfill the conservation of momentum during the photon 

absorption process in indirect band gap semiconductors, an additional absorption or 

emission of phonon will take place as indicated in Figure 1.6(b).[20] In the case of 

indirect transition, the absorption coefficient of indirect band gap semiconductors 

should be dependent on the phonon energy, which is given by: 

α~(ℎ𝜈 − 𝐸𝑔 − 𝐸𝑝)2.       (1.5) 

Normally, phonon energy, Ep, is negligible when compared with photon energy, thus, 

the equation (1.5) can be derived as: 

 α~(ℎ𝜈 − 𝐸𝑔)2.       (1.6) 

 

Figure 1.5 Schematic image of light absorption, reflection and transmission in a 

semiconductor sample. 

 

Based on equations (1.4) and (1.6), direct band gap semiconductors could be inferred 

from the linear dependent relation between α2 and ℎ𝜈. Therefore, a straight line will 

be formed in a plot of ℎ𝜈 vs α2, and the x-intercept indicates the value of the band 

gap.[21-23] For indirect band gap semiconductors, α1/2 rather than α2  would be 
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linearly dependent on the photon energy ℎ𝜈. The value of indirect band gaps can also 

be determined by the same method as that of the direct band gap. Due to the difference 

of two photon absorption processes, the photon absorption of direct band gap 

semiconductors should be more efficient than that of indirect band gap 

semiconductors.[22, 23]  

 
Figure 1.6 Energy band diagrams of direct band gap semiconductors (a) and indirect 

band gap semiconductors (b). 

 

Based on the property of light absorption, many semiconductor materials have the 

probability of being used as solar energy absorbers, but for the purpose of efficient 

absorption of solar radiation, materials with direct band gaps around 1.5eV are the 

most appropriate.[24-26] Solar cells can be divided into several groups according to 

the absorber materials: 1) silicon solar cell[27, 28]; 2) inorganic compound solar cell—

using III-V, II-IV group materials as absorber layer[29-33]; 3) organic solar cell[34, 

35]; 4) dye sensitized solar cell[36, 37]. 

 

Today the most widely used solar cells are silicon solar cells (single crystal, poly 

crystal, amorphous), of which the power conversion efficiency achieved over 20%.[28, 

38] Surface texturing, anti-reflective layers and back surface fields are essential factors 
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for high performance of silicon solar cells[38-40], but these factors introduce 

complicated fabrication processes and significantly limit the cost reduction.[41, 42] 

Meanwhile, silicon is an indirect band gap semiconductor, which means a relatively 

small absorption coefficient.[43] Therefore, to fully absorb the sunlight, micrometer 

thick layers of silicon must be used.[27, 28] Thus, although the silicon solar cell has a 

good photovoltaic performance, several drawbacks limit the utilization of silicon: high 

cost of silicon material; complex production procedure; and environmental pollution 

during fabrication of high purity silicon material.[44, 45]  

 

In order to reduce the material cost, inorganic compounds and thin film solar cells, 

consisting of direct band gap semiconductors, are developed, such as CdTe and 

CuInxGa(1-x)Se2 (CIGS) solar cells.[32, 46-48] These solar cells exhibit high efficiency, 

reliable performance and relatively simple fabrication processes. Because of the direct 

band gap, fewer materials are used for the fabrication of solar cells compared with 

silicon solar cells. For instance, the typical thickness of the absorptive layer in a CIGS 

solar cell is only one micrometer.[46] However, they are not ideal for wide spread 

usage. The main problem for these solar cells is the deficiency of constituent elements 

in the earth’s crust, such as Te in CdTe solar cells and In and Ga in CIGS solar cells.[49, 

50] Meanwhile, the toxic elements Cd, Te and Se may lead to severe environmental 

issues during the usage of these solar cells. The ideal material for low cost and 

widespread applications needs to avoid the problems mentioned above.  

 

Based on the previous discussion, good candidates for solar cell absorber layers should 

meet the following requirements: 1) possessing a direct band gap; 2) appropriate 

forbidden band gap ~1.5eV; 3) stable, good thermal stability and chemical stability; 4) 

exhibiting a high absorption coefficient near the band edge. To meet those 
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requirements, tin mono-sulfide (SnS) benefits from its unique layered structure and is 

considered as a potential PV material. 

1.2  Overview of layered materials 

3D materials are the most common materials. In a perfect 3D material, the atoms are 

close-packed and arranged in a particular pattern; and if the material keeps growing 

the new coming atoms would strictly follow the same pattern.[20] For any particular 

atom, it should be surrounded by other atoms and chemically bonded with those atoms. 

However, there is another class of materials in which the atoms are arranged in a 

unique layered structure.[51, 52] Flat layers (unit-layers) are formed in these materials, 

which are then stacked on top of each other. Inside those unit-layers, the atoms like 

those of the atoms in 3D materials are close-packed and chemically bonded to the 

surrounding atoms. However, the atoms within the unit layer are fully saturated, and 

between the unit-layers the interaction is dominated by van der Waals force, thus only 

a weak van der Waals force rather than strong chemical bonds bind the unit-layers 

together.[53] In the last two decades, an explosion of interest in layered materials 

developed to realize the growth of highly oriented layered materials (transition metal 

dichalcogenide) and to separate individual layers from the bulk layered material 

(graphene).[54-56] In this chapter, different groups of layered materials will be 

introduced. Figure 1.7 illustrates the typical crystal lattice structure of 3D and 2D 

materials. 
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Figure 1.7 Schematic image of crystal structure of 3D and 2D materials. 

 

Due to the unique layered structure, the 2D materials possess novel electrical 

properties and a high specific surface area indicating the possibility of application on 

sensing, energy storage, and catalysis.[57-59] A vast group of layered materials are 

naturally occurring such as graphite, clay materials, and layered hydroxides (LDHs) 

that usually crystalize in complex lattice structures.[60] Another approach to obtain 

2D layered structures is artificial synthesis.[61-63] In the past two decades, there have 

been many reports on the deposition of transition metal dichalcogenides, single layer 

graphene, and other 2D compounds such as SnS2, Bi2Se3 and BN.[62, 64-67] Both 

electrical and optical properties of the 2D compounds have been thoroughly 

investigated.  

1.2.1  Clay Minerals 

Generally, clay minerals represent a vast group of materials that are widely used in 

ceramics and building applications, oil drilling, catalysts, and ion exchangers.[68-71] 

It is believed that the formation of clay minerals is due to the long term effects of 

gradual chemical weathering on rocks by weak carbonic acid and/or other forms of 

naturally generated dilute acid.[68, 69] Thus usually the clay minerals are crystallized 

in complex lattice structures and mainly consist of aluminum, silicon, hydrogen, and 
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high concentrations of oxygen.[63] 

 

Clay minerals are a class of phyllosilicate that is also named layer silica. There are two 

basic building blocks in these kinds of materials—tetrahedral sheets (Si4O10
4-) and 

octahedral sheets (Al2(OH)2
4+ or Mg3(OH)2

4+), as shown in Figure 1.8.[68] The 

tetrahedral sheets consist of large amounts of single tetrahedrons, in which the oxygen 

atoms form the vertex of the tetrahedron and the silicon atoms stay in the center of the 

tetrahedron structure. Similarly, many single octahedrons connect to each other to 

form the octahedral sheet, in which the positions of the vertex are occupied by 

hydroxide. Meanwhile, Aluminum or Magnesium atoms are located in the center. As 

shown in Figure 1.8 (b), the formation of unit layers in clay minerals could be 

classified in two different ways: TO and TOT. The unit layer contains only one 

tetrahedral sheet and one octahedral sheet (TO). Two sheets of tetrahedral sandwiched 

with one sheet of octahedral form unit layer (TOT). Stacking a large amount of unit 

layers forms the bulk clay minerals.[63] 
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Figure 1.8 Schematic images of the components of silicate clays: Single tetrahedron 

and single octahedron. (a) Terahedral sheets and Octahedral sheets (b) are formed by 

laterally connecting a large amount of single tetrahedron and single octahedron. [72] 

 

It can be observed, in Figure 1.8 (b), that between the unit layers no chemical bonding 

exists. However, different amounts of Cations may exist between the unit layers 

depending on the variation of the composition of the unit layer.[63] For instance, one 

tetrahedral sheet (Si4O10
4-) and one octahedral sheet (Al2(OH)2

4+ or Mg3(OH)2
4+) could 

form a typical TO neutral unit layer. While in typical TOT unit layers two tetrahedral 

sheets (AlSi3O10
5-), where one fourth of silicon atoms are replaced by aluminum, are 

sandwiched between one octahedral sheet (Al2(OH)2
4+ or Mg3(OH)2

4+). This results in 
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a -1 valance state unit layer. In the case of TOT clay minerals, positive valance state 

hydroxide layers like Mg2Al(OH)6+ and/or different amounts of Cations such as K+, 

Na+, and Ca2+, should be introduced into the interlayer to neutralize the entire system 

depending on the portion of aluminum atoms in the tetrahedral sheet.[59] Thus the 

unit layers are bound together by a weak van der Waals force or weak electrostatic 

interactions between Cations and negative valance state unit layers rather than strong 

chemical bonds.[63] Regarding the different types of unit layer (TOT or TO) and the 

different species in the interlayer, the clay minerals could be divided into seven 

groups—(1) kaolin-serpentine, (2) pyrophyllite-talc, (3) smectite, (4) vermiculite, (5) 

mica, (6) chlorite, (7) interstratified clay minerals, as shown in Table 1.1.[59, 73]  

 

Table 1.1 Category of clay mineral. 

Type of 

unit layer 

Interlayer species Net layer charge 

per formula unit 

Group 

TO none  0 kaolin-serpentine 

TOT 

none 0 pyrophyllite-talc 

hydrated cations 0.2~0.6 smectite 

hydrated cations 0.6~0.9 vermiculite 

non-hydrated monovalent 

cations 
0.6~1.0 mica 

non-hydrated divalent 

cations 
1.8~2.0 mica 

hydroxide sheet Variable chlorite 

TOT 
regularly interstratified 

Variable 
interstratified clay 

minerals 
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1.2.2  Fundamentals of van der Waals Epitaxy 

1.2.2.1  Graphene van der Waals Epitaxy 

Graphite is a naturally occurring layered material consisting of only carbon atoms. As 

shown in Figure 1.23, carbon is one of the most abundant elements in the earth’s crust 

and classified as a group IV in the periodic element table.[74] There are three different 

chemical bonds that could be formed by carbon atoms: tetrahedral bonds (sp3), 

hexagonal bonds (sp2), and liner bonds (sp). The Tetrahedral bound carbon atoms are 

surrounded by four other atoms that form a pyramid structure. The most famous 

material formed by tetrahedral bonding carbon atoms is diamond.[20] Hexagonal 

bonding carbon atoms are chemically bounded to three other atoms to form a planar 

hexagonal structure. Graphite is the typical material formed by the stacking of planar 

hexagonal bonding carbon atoms, which can be classified into layered material.[15, 

75] 

 

Figure 1.9 shows the schematic image of the layered crystal structure of graphite.[59] 

Two types of hexagonal layers (labeled as A and B in Figure 2.3) stack on each other 

alternatively to form an ‘AB sequence’. The formation of graphite could be considered 

as follows: one type A layer planarly rotates 60 degrees respective to one carbon atom 

inside the plane to form a type B layer and form an AB unit with a neighbouring type 

A layer; the AB unit repeats itself to form bulk graphite material. Despite the AB 

stacking arrangement, there is another arrangement named ABC that is found in the 

natural graphite mineral.[75, 76] However, the AB stacking arrangement graphite is 

known as more thermodynamically stable. Thus, normally in synthetic graphite only 

the AB arrangement could be observed.  
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Figure 1.9 Crystal structure of graphite. The dashed lines indicate the hexagonal unit 

cell (lattice constant: a=b=2.456Å，c=6.708Å).  The bond length between 

neighbouring carbon atoms in the same layer is 1.42 Å. [59, 75] 

 

S. Mouras et al (1987), for the first time, defines graphene as a single layer of 

graphite.[77] However, it was initially thought that two-dimensional graphene could 

not be grown. But A. K. Geim (2003) was able to mechanically isolate a single layer 

of graphene from highly oriented graphite by using Scotch tape.[78] Different from 

three-dimensional materials, graphene is only one atom thick and possesses several 

noble properties: the strongest material in the world, high electric conductivity, 

transparent, flexible, etc.[78, 79] Due to such interesting properties, graphene has 

drawn great interest among scientists in various disciplines and has been applied to 

the fabrication of graphene optoelectronics, transparent and flexible thin film 

transistors, energy storage batteries, and many others.[80-82]  

 

Graphene can be prepared by different methods: mechanical exfoliation, epitaxial 

growth on Silicon Carbide (SiC), chemical exfoliation, and chemical vapour 

deposition (CVD).[78, 83, 84] To expand the industrial application of graphene, 

people need to find a way how to grow large-area graphene, since the method of 
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graphite exfoliation by Scotch tapes could only isolate a very limited area of 

graphene.[78] It’s believed that the most promising approach to realize large-area 

inexpensive graphene is CVD. There are two major substrates for CVD growth of 

graphene: Nickel and Copper foil, with both corresponding to the growth of multiple 

layer graphene and single layer graphene respectively.[85, 86] Figure 1.10 is the 

schematic image of CVD growth of graphene on Ni/Cu.[86] 

 

As shown in Figure 1.10, a mixture of hydrogen and hydrocarbon gas serves as the 

precursor of CVD graphene growth. Polycrystalline Ni/Cu foils with large grain size 

are prepared for the graphene deposition and serve as catalysts. Before initiating the 

growth of graphene, the substrate is treated under reducing gas (H2 atmosphere) at 

900-1000oC for 30min to remove the native surface oxides. Both grain size and surface 

morphology are improved during the annealing process. Then a CH4/H2 mixture is 

introduced at an elevated temperature (1000oC). The mechanisms of graphene growth 

on Ni and Cu foil are different, and result in multiple layers and single layers 

respectively. 

 

Figure 1.10 Schematic image of CVD growth of graphene on Copper foil.[86] 

 

It is worth noting that to improve the cost effectiveness, polycrystalline rather than 

single crystal metal foils are used for the graphene growth. Therefore, the CVD-

growth graphene isn’t a single crystalline but polycrystalline, as shown in Figure 1.10 

(b). It’s essential to deposit polycrystalline graphene films that consist of macro-sized 
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grains as larger carrier mobility would be expected due to reduced scattering at the 

grain boundaries. At the initial growth stage, graphene crystallites with different 

lateral orientations are formed. As growth continues, the small graphene crystallites 

enlarge and merge with neighbouring graphene islands, which result in polycrystalline 

graphene film.[87-89] Wrinkles and/or defects in graphene layers tend to be formed 

at the grain boundary of metal foil. Additionally it’s claimed that the grain size of 

graphene is largely limited by the size and orientation of metal foil substrate grains.[89]  

 

The main difference of the graphene growth mechanism on Ni and Cu is the different 

solubility of carbon in the two metals, as indicated in Figure 1.11.[86, 90] The 

solubility of carbon in Cu is very low, therefore, when hydrocarbon decomposes and 

forms carbon atoms, the atoms are unable to diffuse into the bulk of the Cu foil while 

covering the surface of Cu foil and repel other carbon atoms to grow. Thus graphene 

can only be grown at a Cu foil surface regardless of the growth time and precursors’ 

flow rate. Compared with Cu, the solubility of carbon in Ni is relatively larger at the 

elevated temperature; hence, with the growth the development of carbon atoms are 

dissolved into the Ni foil to form a solid solution. However, the solubility of carbon 

decreases with temperature and results in the carbon segregation on the Ni surface to 

form graphene layers as the substrate is allowed to cool as illustrated in Figure 1.11 

(a). Due to the relatively high solubility of carbon, multiple layers of carbon are 

formed on Ni. Therefore, different from Cu, the cooling rate as well as the growth time 

could greatly affect the thickness and quality of graphene on Ni. At a fast cooling rate, 

the quenching effect would freeze all the carbon atoms in a thermally unstable state 

and would result in a high density of defect states; at a low cooling rate, it would be 

easy for carbon atoms to diffuse into the bulk of Ni foil rather than segregate on the 

surface. Thus, it’s critical to control the cooling rate to a moderate level to reduce the 

defect density and increase the chance of carbon segregation. The SEM image (b) (e) 
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and Raman spectra (c) (f) clearly demonstrate the growth of multilayer graphene on 

Ni and single layer graphene on Cu. 

 

Figure 1.11 Schematic image of graphene CVD growth mechanism on Nickel foil (a) 

and Copper foil (d) respectively. Scanning Electron Microscope image and raman 

spectra of graphene on Ni (b) (c) and Cu(e) (f), respectively. [90] 

 

Raman is a sensitive and non-destructive technique to determine the number of layers 

and the density of defect in the graphene layer.[91, 92] The intensity and position of 

three modes of Raman spectra (D mode ~1350cm-1, G mode ~1580cm-1, 2D mode ~ 

2700cm-1) are essential to identify the quality of graphene and distinguish single layer 

and bilayer graphene from multiple layer graphene. D band, as shown in Figure 2.5 

(c), is the marker of defect density, which means there exists greater density of defect 

inside graphene grown on nickle foil compared with that on copper foil. The ratio of 

intensity of D band and G band (I(D)/I(G)) can be invited to quantitatively analyze the 

concentration of defects in the graphene layer.[90, 92, 93] Thus the absence of D bands 
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in Figure 1.11 (f) indicates very low defect density in single layer graphene grown on 

copper foil. The position and shape of 2D band are critical to identify the number of 

graphene layers. The 2D band of single layer graphene has a single peak; the 2D band 

of bilayer graphene contains 4 components; the 2D band of multiple layer graphene 

contains 2 components and the peak position has a blue shift with the number of 

graphene layer increasing.   

 

After the successful growth of graphene, the graphene films are transferred from the 

metal substrate to an arbitrary substrate. Figure 1.12 (a) schematically shows the 

process of graphene transferring. For the first step, a thin layer of polymethyl 

methacrylate (PMMA) is coated onto the graphene and baked at 120℃ to evaporate 

the solvent. The PMMA layer serves as mechanical support for the graphene in the 

transfer process. Following this process the metal foil is removed via etchant. Nickel 

and Copper foil are dissolved in HNO3 and FeCl3 solvents respectively.[85] To allow 

the metal layer to be easily dissolved, very thin metal layers (~25μm) are used. After 

the metal foil is removed, PMMA/graphene layers are floating on the surface of the 

solvent without any damage due to the hydrophobic property of graphene. Therefore, 

it’s easy to transfer the floating layers to target substrate, such as Si/SiO2. Finally, the 

PMMA can easily be removed in acetone and which thus leaves behind the graphene 

layer on top of the target substrate. Solid evidence for non-destructive graphene 

transfers is given by the Raman spectra of graphene before and after the transfer as 

shown in Figure 1.12 (b).[90]   
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Figure 1.12 (a) Schematic image of graphene transfer process after successful CVD 

growth on metal foil; (b) Raman spectra of graphene before and after transferring. 

[85, 90] 

1.2.2.2  Metal Chalcogenides van der Waals Epitaxis 

Due to the unique chemical and electrical properties, graphene is projected to be 

instrumental in a vast number of applications. However, it is naturally a zero band gap 

semimetal that limits the electronic application of graphene devices such as relative 

low on/off ratios of graphene field-effect transistors.[78, 94, 95] Thus graphene cannot 

completely replace silicon in the fabrication of processors, unless nano confinements 
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are applied on graphene to create band gaps.[95, 96] However, the process of band 

gap creation always results in a serious reduction of electron mobility.[96, 97] In 

contrast, transition metal dichalcogenides (TMDs), generalized as MX2― where M is 

a transition metal in groups 4-10 of the periodic table of the elements and X indicates 

chalcogen―exhibit versatile properties that could be applied in a variety of fields.[64, 

98] For instance, TMDs include diverse properties of materials such as insulators 

(HfS2), semiconductors (MoS2 and WS2), semimetals (WTe2 and TiSe2) and true 

metals (NbSe2 and TaS2).[99] Around 40 kinds of TMDs crystallize in layered 

structures, as shown in Figure 1.13 (a), the highlighted three chalcogen elements and 

ten transition metal elements can combine to form layered TMDs, while the half-

highlighted transition metal elements (group9-10) means only some of the 

dichalcogenides form layered structure.[99-101] For example, NiS2 crystallize in 

apyrite structures while NiTe2 form layered structures.[101] 
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Figure 1.13 (a) Highlighted transition elements indicate layered chalcogenides that 

could constantly be formed, half-highlighted transition elements could only form 

layered compound with some of chalcogen elements. Single unit layer view top-view 

along c axis and cross-sectional perpendicular to c axis with trigonal prismatic 

coordination (b) and octahedral coordination (c) respectively. Purple balls indicate 

metal atoms and yellow balls indicate chalcogen.[99] 
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The unit layer of TMDs is typically a sandwich structure, X-M-X, as shown in Figure 

1.13, where two hexagonal chalcogen layers are separated by one layer of metal with 

two different metal atom structures: trigonal prismatic coordination (Figure 1.13(b)) 

and octahedral coordination (Figure 1.13(c)). Within the unit layer, the atoms are 

chemically bound together, while the neighbouring unit layers are weakly held 

together by a van der Waals force. The bulk crystal can be formed in a vast variety of 

polymorphs due to the different stacking sequences of unit layers and metal atom 

structures as indicated by Figure 1.14.[99] Three different crystal structures of 

polymorphs are shown and labeled as 2H, 3R and 1T, which indicate hexagonal 

symmetry, rhombohedral symmetry and trigonal symmetry respectively. The numbers 

indicate the number of unit layers in the unit cell. Thus the bulk structure of TMDs 

can be much more complex when compared with graphite.[102]  

 

Among the variety of possible crystal structures, TMDs would prefer to crystalize in 

the most thermodynamically stable structures, which could be affected by synthesis 

processes and atomic ratios. For instance, MoS2 naturally crystallizes in 2H 

polymorphs while synthetic MoS2 normally contain 3R polymorphs. TiS2 is usually 

found in 1T polymorphs.[103, 104] Although bulk TMDs could crystallize in various 

types of structures, single layer TMDs would crystallize in only two different 

polymorphs, 1H and 1T, corresponding to trigonal prismatic coordination and 

octahedral coordination respectively.[99] Single layer MoS2 usually has the trigonal 

prismatic coordination. 

 

Much attention has been given to the layer-dependent properties of TMDs. For 

example, MoS2 bulk material exhibits indirect band gaps at ~1.2eV while mono-layer 

MoS2 show a direct band gap at ~1.8eV.[105] This unique property opens the 

possibility of many optoelectronic and electric applications, such as transparent 
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flexible transistor and ultra-thin layer photo sensor.[106] Radisavljevic. B, et al. had 

demonstrated the creation of a mono-layer MoS2 transistor by micromechanical 

exfoliation from bulk MoS2 material.[107]  

 

Figure 1.14 Schematic images of three different polymorphs: 2H (hexagonal 

symmetry, 2 unit layers in one unit cell), 3R (rhombohedral symmetry, 3 unit layers 

in one unit cell), 1T (trigonal symmetry, 1 unit layers in one unit cell). Yellow color 

balls (X) indicate chalcogen atoms; gray color balls (M) indicate metal atoms.[64] 

 

1.2.3  Growth of van der Waals epitaxy 

Epitaxy refers to the process of crystalline epilayers being grown on a crystalline 

substrate.[108, 109] However, the understanding of crystal structures was very 

ambiguous, until the discovery of X-ray diffraction in 1912.[110] As shown in Figure 

1.15, the constituent atoms inside a crystalline material are arranged in an ordered 

pattern extending in all three spatial dimensions. Polycrystalline materials consist of 

randomly oriented microscopic grains whereas amorphous materials have no periodic 
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arrangement at all.[20, 111] With the help of developed knowledge of crystal 

structures, the term epitaxy was first introduced by Royer (1928) to describe the 

deposition of a crystalline layer onto a crystalline substrate.[112] Based on the results 

of his research, an important rule has been derived that epitaxial growth can only occur 

when an epilayer had identical or quasi-identical forms of lattice planes and similar 

lattice spacing as that of the crystalline substrate.[112, 113] The mismatch between 

epilayer and crystalline substrates was identified as: 

100(b-a)/a,       (1.7) 

where a and b are the lattice spacing in the substrate and epi-layer respectively. 

Experimental results suggested that to accomplish epitaxial growth the mismatch 

should be no more than <1%.[114-116]  

 

Figure 1.15 Schematic atomic images of crystalline, polycrystalline and amorphous 

materials. 

1.2.3.1  Normal Epitaxial Growth 

The epitaxy technique is usually applied on the growth of films with high purity, low 

defect density and abrupt interfaces.[117] Extrinsic doping could be accomplished 

during the epitaxial deposition process. As shown in Figure 1.16, three different modes 

of epitaxy are identified: Volmer-Weber (VM) growth[118], Frank-van der Merwe 

(FM) growth[119, 120], and Stranski-Krastanov (SK) growth[121, 122], which result 
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from the interaction between adatoms and the surface. In VM growth, the interactions 

between adatoms and adatoms are stronger than that between adatoms and the surface, 

clusters or islands consist of adatoms are tend to be formed, as indicated by Figure 

1.16 (c). A rough multi-layered film would be expected due to the growth of clusters. 

Stronger interactions between adatoms and the surface lead to layer-by-layer growth 

(FM growth), which result in atomically smooth surfaces, as shown in Figure 1.16 (a). 

Finally, SK growth is a combination of the layer-by-layer growth and the cluster 

growth. At the initial stage, few atomic smooth layers are formed. While with the 

growth development, adatom clusters initiate and dominate the rest of the growth layer, 

as shown in Figure 1.16 (b).[120] Among the three different growth modes, it’s 

reasonable to expect that layer by layer growth (FM growth) would lead to lower 

density of dislocations and defects. 

 

Figure 1.16 Schematic images of (a)Volmer-Weber (VM) growth, (b) Stranski-

Krastanov (SK) growth, and (c) Frank-van der Merwe (FM) growth. [123] 

 

There are two types of epitaxial growth: homoepitaxy and heteroepitaxy. 

Homoepitaxy indicates the material of epi-layer as the same as the substrate, while 

heteroepitaxy means the materials of substrate and epilayer are different. It is obvious 

that homoepitaxy is easier, since the crystal structure has no change between substrate 

and epilayer, as shown in Figure 1.17(a). While in heteroepitaxy, the mismatch at the 

interface between substrate and epilayer plays an essential role. It is predicted by 

theoretical models that there exists a critical mismatch (mc), below which strained epi-

layers can grow, as shown in Figure 1.17 (b).[124, 125] At the stage of strain layer 
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growth, the lateral lattice constant of the epilayer is strained identically to that of the 

substrate. In a perpendicular direction, the lattice constant of epi-layer b⊥, given by 

Equation (1.8), is distorted to preserve the volume of the unit cell 

b⊥ = a(1 + m)(1 + ν)/(1 − ν),      (1.8) 

where a is the lattice constant of substrate, ν is the Poisson ratio of the epitaxial growth 

material.[124] Since the crystal structure of the strained epilayer deviates from its 

natural condition, there exists elastic strain energy Eν inside the strained epilayer, 

which hence increases with the increasing of layer thickness. At a critical thickness hc, 

given by Equation (1.9), due to the large strain energy, the strained epilayer becomes 

unstable. When the thickness is higher than hc, it costs too much energy to maintain 

the lateral lattice constant identical to the substrate, and mismatch dislocations emerge 

to relax the strain of the epilayer, as indicated by Figure 1.17 (c).[126] With the 

thickness of the epilayer further increasing, the strain is gradually relaxed to zero by 

introducing a higher density of dislocations.  

ℎ𝑐 𝑧⁄ = [8𝜋(1 + 𝜈)𝑚]−1[1 + 𝑙𝑛{(1 − 𝜈)𝑧 2𝜋𝑑⁄ } + 𝑙𝑛{4ℎ𝑐 𝑧⁄ }],  (1.9) 

where z equal to 2ab/(a+b), d is the distance between the atomic plane at the very 

interface.[126] 
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Figure 1.17 Interface models of epitaxial system: (a) lattice matched, (b) strained, 

and (c) strain relaxed. Solid circles indicate substrate atoms, open circles represent 

epitaxial growth atoms. T indicates the threading of dislocations.[127] 

 

According to the above discussion, to grow a high quality epitaxial layer, it is 

important to accomplish the deposition on a substrate with closely matched lattice 

constants, which minimize the mismatch and optimize the growth conditions to finally 

realize layer to layer growth in order to achieve abrupt interface. 
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1.2.3.2  Methods of Epitaxial Deposition 

Vapor Phase Epitaxy (VPE), Liquid Phase Epitaxy (LPE), and Solid Phase Epitaxy 

(SPE) are the three main methods of epitaxial deposition.[128-130] Among the three 

methods, VPE is the most widely used for the fabrication of semiconductor devices, 

which can be categorized into two branches: Chemical Vapour Deposition (CVD) and 

Physical Vapour Deposition (PVD).[131] The main difference between CVD and 

PVD is whether chemical reaction occurs during the deposition process on the 

substrate surface.[131]  

 

As indicated in Figure 1.18, CVD involves a chemical reaction, which is an essential 

characteristic of CVD among vapour phase precursors. The reaction is conducted 

inside a furnace tube. To effectively drive the reaction, a relatively high temperature 

should be applied to substrates where the solid films of desired materials are 

formed.[132] The by-products formed during the deposition process are pumped away. 

A typical application of CVD is the growth of large area graphene that is required for 

industrial application.[89] PVD proceeds inside a thoroughly pumped vacuum 

chamber where source materials (solid or liquid form) are vaporized and condensed 

onto the substrate surface without chemical reaction.[133] Several methods of 

deposition belong to PVD, such as thermal evaporation deposition, electron beam 

evaporation deposition, sputter deposition, and molecular beam epitaxy (MBE).[134-

138]   
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Figure 1.18 Schematic image of PVD and CVD deposition process. [132] 

 

As shown in Figure 1.19, a MBE system consists of an ultra-high vacuum pump, a 

transfer rod and an ultra-high vacuum chamber equipped with cryo-shield, Knudsen 

effusion cells (K-cell) and reflection high-energy electron diffraction (RHEED).[138-

140] The typical vacuum pressure of MBE systems is about 1x10-10 torr, which 

indicates an extremely low affect on residual atoms during the deposition process. K-

cell is specially designed for precise control of source material temperature, and to 

generate stable flux of molecular beam of source material, which consists of Pyrolytic 

Boron Nitride (PBN) crucible, heating filaments, thermal couple.[141] RHEED 

systems consist of high-energy electron guns (10~30keV), substrate surfaces, and 

RHEED screens. It is often equipped in MBE systems to monitor the epitaxial layer 

growth, since the RHEED diffraction pattern is very sensitive to the change of 

substrate surface morphology. Arrays of streaks are the typical RHEED pattern which 

indicates a smooth substrate surface. When an ideal layer-by-layer growth is realized, 

an oscillation of RHEED patterns can be obtained, which can be applied to precisely 

calculate the growth rate.[142] Other components, like transfer rods, manipulators, are 

used for the general operation of epitaxial deposition. 
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Figure 1.19 Schematic image of Molecular Beam Epitaxy (MBE) system.[138] 

 

Due to the ultra-high vacuum, the mean free path of the generated molecules, given 

by Equation (1.10), is usually much larger than the geometry of the vacuum 

chamber.[138]  

ℓ =
𝑘𝐵𝑇

√2𝜋𝑑2𝑝
,       (1.10) 

where kB is the Boltzmann constant, T is temperature, d is the diameter of the molecular, 

and p is vacuum pressure. 

Thus, there should be fewer or no collisions among molecular beams of source 

materials, which indicates the impact of neighbouring source materials before the 

evaporated molecules reach substrate is very limited. Therefore, the deposition process 

of MBE could be concluded in the following four steps: 
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1. Molecular beams of source materials evaporated from K-cell reach heated 

substrate without any collisions with neighbouring source materials and 

background impurity atoms. Then molecules be absorbed onto the substrate 

surface; 

2. Molecules migrate and/or decompose on the surface; 

3. Atom or molecular form source materials incorporate in the crystal lattice (crystal 

growth);  

4. Atoms or molecules that couldn’t incorporate in the crystal growth are desorbed. 

 

According to the above discussion, the substrate temperature plays an essential role, 

since high temperature can weaken the molecules’ absorption and low temperature 

leads to amorphous or polycrystalline layers. 

1.2.3.3  van der Waals Epitaxy 

Despite normal 3D epitaxial deposition, there exists another way of epitaxial 

deposition—van der Waals epitaxy (vdWe). This results from the novel layered 

structure of 2D materials, as indicated in Figure 1.20. A. Koma (1992) claimed that 

epitaxial growth was possible between any layered structure materials regardless of 

the mismatch in lattice constants between the two materials.[55] This kind of epitaxial 

growth is named van der Waals epitaxy (vdWe). Figure 1.20(a) illustrates the interface 

between two layered materials. Unit-layers consisting of solid balls are epi-layers and 

unit-layers consisting of open balls are substrate. A gap known as van der Waals gap 

exists between the substrate and epitaxially grown layer.[53] Since the van der Waals 

force between substrate and epi-layer is weak, the growth of the epitaxial layer will 

not be disturbed. The epi-layer can retain its lattice constant at the very beginning of 

deposition regardless of the lattice mismatch, which is different from normal 3D 

epitaxial depositions. Therefore, an abrupt interface with very low density of defects 
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can be expected, which is essential for good device performance. It is worth noting 

that the existence of the van der Waals gap will limit the movement of carriers when 

they are traveling across these unit layers. [143] 

 

 Figure 1.20 (a) Interface of van der Waals epitaxy (b) interface of quasi van der 

Waals epitaxy. [55] 

 

The idea of vdWe can be applied to normal three dimensional (3D) substrates. The 

presence of dangling bonds on the surface of normal 3D materials will disturb the van 

der Waals epitaxial growth. Thus in order to realize vdWe on normal 3D substrates, 

the surface dangling bonds of the substrates should be saturated. (NH4)2S passivized 

GaAs (111) has been used as a substrate for the epitaxial growth of MoSe2 and 

NbSe2.[144] As shown in Figure 1.20 (b). The matrix consists of open balls that 

indicate the 3D substrate, where all of the surface dangling bonds are terminated by 

other atoms. Between substrate and epitaxial layer, a quasi van der Waals gap is 

formed. According to the above discussion, both Hydrogen terminated Si (111) and 

Sulfur terminated GaAs (111) are feasible substrates for van der Waals epitaxy. 

 



36 

 

Beside the regular surface structure, substrates with amorphous surfaces might be 

other appropriate candidates for vdWe. For example, Bi2Se3 is a layered structure 

material which could be epitaxially grown on H-terminated Si(111).[145] Despite 

using H- passivation, another approach by using bare Si (111) has been investigated. 

In the deposition process, a 2~3nm thick amorphous Bi2Se3 buffer layer was 

introduced onto bare silicon (111) substrate at a low temperature ~100K, as shown in 

Figure 1.21. Then, Bi2Se3 was deposited at 520K on the amorphous buffer. The cross 

sectional TEM picture indicates a single crystal of Bi2S3 oriented perpendicular to van 

der Waals gap.[146] 

 

 

Figure 1.21 Cross-sectional view of TEM. A low temperature buffer (amorphous Bi-

Se) exists between Si substrate and epitaxial layer (Bi2S3).[146] 

 

According to the above discussion, various kinds of substrates could be applied for the 

growth of high quality SnS, such as 2D material substrates, surface-dangling bonds, 

saturated 3D material substrates and amorphous buffer layer covered substrate.[53] 

However, to the best of our knowledge, few studies have been conducted on SnS 
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epitaxial growth, with the performance of SnS devices is severely affected by poor 

film quality.[147-151] 

1.2.4  SnS as a Potential Photovoltaic Material  

Two dimensional (2D) chalcogenide materials have attracted much attention in recent 

years, due to the novel inert surface structure and band gap engineering while reducing 

the number of stacked unit-layers.[105, 106] Tin mono-sulfide (SnS) is a brown to 

gray coloured two dimensional layered semiconductor material with promising solar 

energy converting properties. As shown in Figure 1.22, SnS crystallize in layer stacked 

orthorhombic structures (Lattice constant: a=3.98Å b=11.18Å c=4.33Å).[152] The 

smaller yellow balls represent Sulfur atoms and the larger dark balls indicate the Tin 

atoms. The two atomic layers are chemically saturated and form a unit-layer without 

dangling bonds. Different unit-layers are stacked perpendicularly along the b axis, and 

they are bound together by weak van der Waals forces rather than strong chemical 

bonds. Thus a high quality heterointerface can be formed, which is essential for good 

device performance. In this chapter we will investigate the application of SnS in 

photovoltaic cells by many research groups.  
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 Figure 1.22 Crystal structure of tin mono-sulfide (SnS). Small yellow balls 

represent Sulfur atoms; dark large balls represent Tin atoms. Lattice constant: 

a=3.98Å b=4.33Å c=11.18Å 

 

Both direct and indirect band gaps are observed in SnS, and the value of direct and 

indirect band gaps vary from 1.2eV to1.7 eV and from 1.0eV to 1.2 eV, 

respectively[153-156], which locate near the optimal value of band gap for single 

junction solar cells ~1.5eV.[24-26] The combination of two kinds of band gaps in SnS 

material allows electrons to be excited near the direct band gap and thermalized down 

to conduction band minimum near the indirect band gap, then electron and hole pairs 

recombine at indirect band gap. This leads to a quick photo response process, slow 

recombination process, high absorption coefficient and long minority carrier lifetime. 

The typical value of minority carrier lifetime of indirect band gap materials is around 

10-6 s.[157, 158] 
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1.2.5  Advantages of Using SnS  

Both single crystal SnS and SnS thin films were fabricated by many research groups 

using various kinds of fabrication techniques, including Bridgeman Stockbarger, zone 

levelling, chemical vapour deposition, electrochemical deposition and so on.[149, 150, 

152, 159-161] There are a number of desirable properties for the application of SnS in 

photovoltaics:  

1. The constituent elements in SnS are earth abundant. Both Tin and Sulfur 

elements are non-toxic and abundant in the earth’s crust. According to Figure 1.23, 

the abundance of Tin and Sulfur are about two orders of magnitude larger than that of 

Indium, Cadmium and Tellurium. As shown in Table 1, the raw material price of Tin 

and Sulur are much cheaper than that of Gallium, Indium and Selenium. Thus, if 

relative high energy transition efficiency SnS solar cells can be realized, we can expect 

a low-cost and environment friendly approach to utilising the solar energy. 

 

Figure 1.23 Relative abundance of different elements in Earth’s crust. [162] 
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 Table 1.2 Raw material costs and relative abundance of several elements.[163] 

 

2. Layered structure. Based on the unique layered crystal structure, as shown in 

Figure 1.22, no surface dangling bonds exist at the SnS film surface if SnS thin film 

is grown highly oriented along b axis. All the unit-layers are bound together by van 

der Waals force indicating no surface state near the surface of SnS film. Because of 

the small surface state density, SnS would have a much more stable surface than three-

dimensional materials, which is an excellent property for fabrication of reliable 

devices. As introduced in van der Waals epitaxy, epitaxial growth of SnS could be 

accomplished on 2D material substrates or dangling bonds saturated 3D substrate, 

which lead to an abrupt interface. In fact, abrupt hetero-interfaces are observed from 

varies kinds of van der Waals epitaxial growth devices, which are found to be essential 

factors for the good device performance.[164-166]  

 

3. SnS has a high absorption coefficient (>104cm-1), which can be partially attributed 

to the appropriate direct band gap. Hegde, S.S. (2011) fabricated single crystal SnS 

layers by using a physical vapour deposition technique, which was verified by x-ray 

diffraction as shown in Figure 1.24(b).[155] The optical direct band gap and indirect 

band gap were derived by quantitative analysis of transmission and reflection spectra 

(Figure 1.24 (a), (b)). As shown in Fig 1.24 (c) and (d), the indirect and direct band 

gaps of single crystal SnS are 1.06eV and 1.21eV respectively.  

Raw Material Costs Relative Abundance 

Sn— $ 17.6/Kg Sn— 2.3 x 10-6 

S— $ 0.04/Kg S— 10-4 

Ga—$670/Kg Ga— 1.9 x 10-5 

In—$560/Kg In— 2.5 x 10-7 

Se—$77.2/Kg Se— 5 x 10-8 
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 Figure 1.24 Transmission and reflection spectrum of SnS (a), XRD result (b), 

(αhν)1/2 vs photon energy (hν) curve (c), and (αhν)2 vs photon energy (hν) curve 

(d).[155] 
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The band gap results are apparently lower than the results measured by several other 

research groups. In fact, the results of optical band gap measured from different groups 

are significantly different: indirect band gaps and direct band gaps varied from 

0.8~1.2eV and 1.2~2eV respectively. [153-156] The variation in the band gap can be 

attributed to the formation of secondary phases, like SnS2 (band gap 2.4eV) or 

Sn2S3.[167, 168]  

4. Good thermal stability. Secondary phases, SnS2 and Sn2S3, tend to precipitate 

during the SnS deposition process, and may affect the growth of SnS since they have 

different crystal structures, which results in poor film quality. Fortunately, the thermal 

stabilities of different phases are not the same, secondary phases typically are stable 

at low temperature, while SnS is stable up to 300C.[169, 170] Figure 1.25 shows the 

XRD results of SnS films deposited on glass substrate at different substrate 

temperatures. It can be observed that with the increasing of substrate temperature, the 

peak intensity of secondary phases decrease and the SnS films are dominant in (040) 

direction. In order to eliminate the existence of the SnS2 phase, the substrate 

temperature should be increased to an appropriate level. Thus, by varying the growth 

temperature, the competition of growth of different phases can be controlled. 
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Figure 1.25 XRD spectra of SnS fabricated at three different substrate temperature: 

(a)100oC, (b) 200oC and (c) 300oC. [171] 
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5. Various p type dopants are available for improving electrical properties. Most 

of the as-grown SnS films exhibit p-type conductivity with hole concentration in the 

order of 1016/cm-3, which is attributed to the Sn vacancy in SnS matrix.[143, 155, 172] 

To further increase the carrier concentration, several dopants, like Cu, Ag, were added 

into SnS films to replace the Sn atoms.[173-175] The results show both improved 

conductivity and hole concentration.  

 

6. Low temperature process. Vapour pressure of SnS compound at ~600oC is 

~10−4 torr. Meanwhile, SnS secondary phases, SnS2 and Sn2S3, are not able to be 

precipitated at a temperature higher than 300oC. Thus, the fabrication of high purity 

SnS thin films can be realized at a relatively low temperature. For economic and 

technical reasons, a low temperature process should be preferred for mass production. 

1.2.6  State-of-the-art of SnS Photovoltaic Cells: 

Although SnS possesses many desirable properties for solar cell application as 

described above, the performances of solar cells based on this material were very 

poor.[147, 176-178] Most commonly used n type materials introduced to fabricate 

heterojunction with p-type SnS are ZnO, ITO, CdS, SnS2.[147, 179-182] However, 

the highest energy conversion efficiency for these devices is only 4.4%, which is much 

lower than the expectation.[177] It has been pointed out that there are two main 

reasons for the poor performance:  

1. Hard to deposit high quality single crystalline SnS films due to lack of appropriate 

substrate with high density of defects at the heterointerface. These defects will act as 

traps for photo-generated carriers.[177]  

2. Conduction band misalignment. The electron affinity of SnS is in the range of 

3.0~4.0eV,[183] which is much smaller than the value of normal n type materials. 
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Thus, the conduction band offsets are often lager than 0.4eV; this large band offset 

will result in a low open circuit voltage.[179]  

 

As shown in Figure 1.26, the conduction band offset between SnS and CdS 

heterojunction is -0.4eV. For SnO2/SnS devices, the offset is even larger (-1.0eV). The 

large band offset will reduce the build-in voltage; and results in reduction of the open 

circuit voltage and the energy transition efficiency. In fact, the open circuit voltage 

values of SnS solar cells (~0.2eV) are much lower than that of CIGS solar cells 

(~0.6eV).[147, 179] To deal with the two drawbacks of SnS, one of the best solutions 

is the fabrication of n type SnS. Forming homojunction would eliminate the two issues 

described above: conduction band offset and lattice mismatch. A SnS homojunction 

nano-fiber solar cell has been realized by using the technique of CVD, of which the 

efficiency reaches 2.4%.[184] However, to the best of our knowledge the conductivity 

conversion of SnS thin film from p-type to n-type by both extrinsic doping and 

stoichiometric variation is not feasible.[185, 186]    

 

 Figure 1.26 Schematic image of energy band diagram for SnO2, SnS and CdS.[179] 
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1.3  Objectives of the thesis 

Our research focuses on the fabrication of high quality SnS films in an ultra-high 

vacuum system—Molecular Beam Epitaxy (MBE). The crystal structure, composition, 

electrical properties and optical properties of SnS films were studied in detail.  To 

minimize the effect of secondary phases, 4N purity (99.99%) SnS compounds were 

loaded in the MBE and evaporated by using the Physical Vapour Deposition (PVD) 

technique. To optimize the film deposition conditions, substrate temperature and 

growth rate were studied systematically. SnS films deposited on different substrates 

(glass, GaAs (100) and graphene) were investigated for improvement of SnS film 

quality and growth mechanism analysis. To improve the SnS film electrical properties, 

Cu was used as p type dopant. First-principle calculations on SnS band structures, 

effects of Cu doping and SnS growth mechanism on different substrate were 

performed. XRD and TEM were utilized to observe the structural properties; 

Transmission and reflection spectrum were measured to obtain the information on the 

band structure; Hall measurements were performed to observe the carrier 

concentration, resistivity and mobility; and SEM and Atomic Force Microscopy (AFM) 

were conducted to observe the surface morphology and variation of composition. Low 

frequency Noise measurement and Raman Scattering are used to investigate the defect 

level and stress in SnS film respectively. 
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CHAPTER 2  CHARACTERIZATION 

TECHNIQUES 

2.1  X-ray Diffraction 

2.1.1  Basic Principle of X-ray Diffraction 

XRD is a non-destructive technique for determining various properties of crystalline 

materials, such as crystal structure, lattice constant, and average grain size of 

polycrystalline materials.[187] It has been introduced in the previous chapter that 

crystalline materials consist of periodically patterned atoms that are an essential factor 

for the diffraction of X-rays as indicated by Figure 2.1. The array of blue circles, in 

Figure 2.1, represents the cross-sectional view of a regular pattern of atoms inside a 

crystalline material. Since X-ray is basically an electromagnetic wave, where the 

wavelength is comparable with the distance between inter-atoms of crystalline 

materials, constructive interference of X-rays would happen under certain conditions 

as indicated by: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆,       (2.1) 

where d is the distance between the parallel planes of atomic lattices, 𝜃 is the angle 

between the incident beam of the X-ray and plane of the atomic lattice, 𝜆 is the 

wavelength of the X-ray and n is an integer. Equation (4) is named as Bragg’s law that 

was first proposed by William Lawrence Bragg and William Henry Bragg in 

1913.[188] It intends to explain the phenomenon of selective X-ray reflection with 

respect to the incident X-ray wavelength 𝜆 and incident angle 𝜃. 
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Figure 2.1 Diffraction of X-ray by a crystalline material. 

 

The XRD technique includes the process of X-ray generation, diffraction of X-ray on 

the crystalline sample, and signal detection at a specific reflection angle, as illustrated 

in Figure 2.2. Since the diffraction is greatly affected by the wavelength of the incident 

beam, a parallel and monochromatic X-ray beam is typically generated by the core 

electron transition (Kα1 and Kα2) of Copper, of which the wavelength equals to 1.541Å 

and 1.544 Å, respectively. The intensity of Kα1 radiation is two times that of Kα2 

radiation, therefore to simplify the diffraction pattern, nickel foil is used to block the 

signal generated by Kα2 radiation. As indicated in Figure 2.1, when the X-ray beam 

strikes a single atom and interacts with the electron cloud, an elastic collision occurs 

and the beam is reflected without any change in wavelength and phase. Because of the 

location difference of the atoms, there would be a difference in the phase of radiation 

from different atoms, which results in interference of reflective radiation. When 

Bragg’s law is satisfied, constructive interference happens, which thus results high 

intensity reflective radiation.  
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Figure 2.2 Schematic image of XRD system. 

 

Two different kinds of XRD systems are designed for powder form and thin film form 

samples. We focus on the XRD system for semiconductor thin films, which is used to 

evaluate the quality of the layers, such as the domain crystal orientation of 

polycrystalline thin film. Three basic scanning modes, θ/2θ scan, θ/ω (rocking curve) 

scan and phi scan, are commonly used for the investigation of high quality thin film 

form samples. The operation principles of the three modes will be introduced in the 

following sections.     

2.1.1.1  θ/2θ Scan 

Figure 2.3 shows the setup of an θ/2θ scan, which is a frequently used mode for the 

detection of the lattice constant of the crystalline specimen. During the operation of 

this scanning mode, the X-ray source is fixed at a certain position to generate X-ray 

beams with parallel direction and constant intensity. The specimen rotates at an angle 
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of θ in relation to the direction of the X-ray beam. Meanwhile, the detector rotates at 

an angle of 2θ to detect the reflected signal. Since the moving path of the detector is a 

circular arc with a radius of R, the travelling length of the X-ray from the source to the 

detector is a constant value, which means the intensity of the signal received at the 

detector could only be affected by the diffraction of the X-ray on the surface of the 

specimen. It is important to note that the detected signal refers only to the planes of 

the crystal lattice that are parallel to the sample surface. Therefore, for a single 

crystalline thin film, the XRD pattern of the θ/2θ scanning mode (intensity vs 2θ) is a 

set of peaks with respect to the same crystal orientation and different order of 

diffraction. For a poly-crystalline thin film, the XRD pattern is a combination of 

different sets of peaks with respect to different crystal orientations, which are all 

perpendicular to the surface of the specimen. If the material is a mixture of different 

materials or different phases of the same material, the diffraction pattern could be 

much more complex. 

 

Figure 2.3 Schematic image of θ/2θ scan. 

 

The ideal diffraction pattern of a certain crystallographic plane is a vertical line, since 

the diffraction happens only when the Bragg angle θ fits Bragg’s law. However, the 

existence of defects and stress inside the crystal would broaden the signal, which 



51 

 

results in a peak shape diffraction pattern. The domain grain size of the thin film can 

be derived from the full width at half maximum (FWHM) of the diffraction peaks, 

according to the Scherrer equation[189]:  

𝐷 =
𝐾⋅𝜆

𝛣⋅𝑐𝑜𝑠𝜃
,       (2.2) 

where D is the average grain size along the crystal orientation, λ is the wavelength of 

the X-ray, B is the FWHM of diffraction peak in radians, K is the Scherrer constant 

related to the shape of grains (typical value of K equals to 0.89) and θ is the diffraction 

angle. Thus, narrower diffraction peaks indicate a larger domain grain size.  

2.1.1.2  θ/ω Rocking Curve Scan 

Information on crystal orientation of thin films can be derived from the θ/2θ scan, 

however, this scanning mode is not able to provide the information on the quality of 

thin films. To quantitatively study the perfection of thin films, the θ/ω scan mode, as 

shown in Figure 2.4, is commonly used.[190]  

 

Figure 2.4 Schematic image of θ/ω scan. 

 

In the operation of the θ/ω scan, both the X-ray source and the detector are fixed to 

keep the Bragg angle (2θ) capable of receiving the diffraction signal. Then, the sample 
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rotates (rocking) around the ω axis, which is perpendicular to the direction of both the 

incident and reflection beams, as indicated by Figure 2.4. Only when the configuration 

matches the Bragg’s law, can then the detector receive the maximum intensity of the 

signal. With the sample rotating away from the position where the Bragg’s law is 

fulfilled, the intensity of the reflected signal decreases drastically. The rocking curve 

profile of a specific crystal orientation is shown in Figure 2.5. The FWHM of the 

rocking curve is an indication of film quality; narrower peaks usually indicate lower 

defect density, less stacking faults, smaller strain, etc.  

 

 

 Figure 2.5 Rocking curve profile of samples with (a) better film quality and (b) 

poor film quality. 

2.1.1.3  Phi Scan 

Both θ/2θ scans and θ/ω scans provide only the information from the outside of the 

plane of the sample that is parallel to the surface. For a well crystallized thin film, only 

spacing of the out-of-plane could be detected, thus, the information acquired from the 

two scan modes introduced above is limited for a complete understanding of the 

material quality. Therefore, it is important to get the information from the in-plane of 
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the sample, which can be detected by using the phi scan mode as shown in Figure 2.6. 

In-plane means that the plane of the crystal lattice which is not parallel to the surface 

of the sample.  

 
Figure 2.6 Schematic image of phi-scan. 

 

In the operation of the phi-scan, both X-ray source and detector are fixed at the 

characteristic Bragg angle (2θ) of the specific in-plane, and the sample is tilted over a 

certain angle χ around the axis which is parallel to both the sample surface and the 

plane of X-ray incoming and reflective beam, as shown in Figure 2.6 (b). Then the 

target plane of the sample is turned over to be perpendicular to the plane of incoming 

and reflective beams. In fact, Figure 2.6 illustrates the matched position where 

constructive interference happens. With the sample rotating in the plane of the sample 

surface, the target plane is turned repeatedly to the matched position according to the 

symmetry of the crystal inside the sample. Once the target plane reaches the matched 

position as described above, incoming X-rays could be reflected and recorded by the 

detector. Therefore, the typical phi-scan XRD pattern, which is plotted as a function 

of the degree of sample rotation (phi), is a set of peaks that are separated by a constant 

value (degree). This is indicated in Figure 2.7. For an epi-layer on a crystalline 

substrate, phi-scan results can determine the alignment of the lateral orientation 

between the epi-layer and the substrate. 
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 Figure 2.7 Typical pattern of XRD phi scan. 

2.1.2  Experimental Details 

A Rigaku SmartLab high resolution X-ray diffractometer equipped with a four bounce 

(2 2 0) monochromator, 9kw rotating anode Cu Kα radiation source, and four circle 

translational capability was used for the XRD measurement, as shown in Figure 2.8. 

Accelerating a high-energy electron beam towards the Copper anode produces the X-

ray beam. This results in the Kα1 and Kα2 transition. After the selective reflection of the 

four global mirrors inside the four-bounce monochromator, high intensity X-ray 

beams of Kα1 radiation with very narrow divergence are obtained. The sample under 

testing is mounted onto the sample holder by vacuum grease, which can rotate along 

3 different axis (Omega, Phi, and Psi) to accomplish the θ/2θ scan, θ/ω scan and phi 

scan as introduced in previous sections.  
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Figure 2.8 Experiment setup for the HXRD measurement. 
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2.2  Transmission Electron Microscopy 

2.2.1  Basic Principle  

TEM system is a powerful technique for not only direct observation of the 

microstructure as an optical microscopy but also identification of the crystal structure 

of the materials with a resolution in the order of several angstroms. The basic 

construction of a TEM system, as shown in Figure 2.9, is similar to that of an optical 

microscopy. However, different from the optical microscopy, electrons and 

electromagnetic lenses rather than optics and normal lenses are used in the TEM 

system. Electron beams are generated and accelerated by high voltage (100kV ~ 

400kV) on the top of the system. According to the wave-particle duality, electron 

beams could be considered as a material wave with a wavelength given as follows: 

𝜆 =
ℎ

𝑝
,        (2.3) 

where λ is the wavelength of electron, h is the Planck constant, p is the momentum of 

electron. Then the electron beam is converged onto the surface of the ultra-thin sample 

by the electromagnetic lens. Once the electron is accelerated to a certain high speed, 

the wavelength of the electron is comparable to the distance between atoms inside the 

material. Thus, Bragg’s law is suitable for describing the action of electrons after 

passing through the thin sample. Finally, the image formed by the electrons 

transmitted through the specimen is focused and magnified by the objective lens and 

recorded by a camera located at the bottom of the TEM system.[191]    
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Figure 2.9 Schematic image of a TEM system. 
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2.2.1.1  Sample Preparation  

Since the operation of TEM includes the process of electrons transmitting through the 

sample, the thickness of the sample is a critical factor for the observation of 

transmission images. To prepare the sample with appropriate thickness (<100nm) and 

prevent damage during the preparation process, three general steps are used as 

described in Figure 2.10. For the first step, the target thin film is mounted between 

two Silicon wafers by the mixture of G1 and G2 epoxy and thinned down to about 

70µm by mechanical milling. Then, the specimen is dimpled to about 5µm to enlarge 

the relatively thin area. Finally, an argon ion beam mills the specimen in order to create 

an ultra-thin area in the center.  

 

Figure 2.10 Schematic image of TEM sample preparation. 
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2.2.1.2  Image Formation 

The formation of TEM images are usually accomplished by two methods, 

conventional (diffraction contrast) microscopy and high-resolution TEM (phase 

contrast microscopy).[192] Conventional microscopy is a technique based on the 

variation of diffraction and scattering on different areas of the specimen, which results 

in a contrast of brightness in the image. There are two different ways to operate the 

conventional microscopy to record bright field images and dark field images, 

respectively, as indicated in Figure 2.11. 

 
Figure 2.11 Schematic image of conventional microscopy of TEM. 

 

The operation principle of conventional microscopy in obtaining the bright field image 

is the insertion of a small object aperture into the black focal plane of the objective 

lens. This is done to block the diffracted electrons and only allow electrons that are 

not scattered reach the camera. Thus, bright background images could be obtained. 
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The dark areas in the image indicate large amounts of electrons that are diffracted in 

the corresponding areas of the specimen. On the contrary, to obtain dark field images, 

the object aperture is offset to a position to block the electrons that are not deviated 

after transmitting through the specimen. Therefore, dark background images with 

bright contrast areas are obtained, where the bright areas correspond to the electron 

diffraction areas in specimen. Dark field images are normally applied for the analysis 

of defects and crystal orientations. 

 
 Figure 2.12 Schematic image of formation of HRTEM image. 

 

Different from the conventional microscopy, HRTEM is a technique of allowing both 

transmitted and diffracted electrons to pass through the objective aperture, as 

illustrated in Figure 2.12. HRTEM images are formed by the interference of 

transmitted and diffracted electrons. Since the HRTEM focuses on the defects inside 

the layers and at the interfaces, atomic scale resolution is required. According to the 

operation principle of Bragg’s law, the wavelength of electron beams should be 

comparable to the atomic scale. Equation (2.2) indicates that the wavelength of 

electron beams is inversely proportional to the value of the electron’s momentum. 
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Therefore, to obtain HRTEM images, electrons should be accelerated in a high voltage 

field to shorten the wavelength of the electron beam. 

2.2.2  Selected Area Diffraction 

Despite obtaining high-resolution TEM images, selected area diffraction (SAD) 

patterns are another frequently used function of TEM for the study of crystal structures 

within the specimen. SAD is a technique based on the elastic scattering of electrons 

where the electron beam strikes onto the specimen that in turn acts like a diffractive 

grating (in relation to the electrons). This technique follows the rules of Bragg’s law, 

which results in an array of spots on a black background for a single crystalline 

material. The SAD pattern could be considered as a transmission of crystals from real 

space to a reciprocal space where each spot represents a plane of crystal lattice. In the 

operation of SAD, different areas on the specimen could easily be selected to obtain 

the diffraction patterns.  

2.2.3  Experimental Details 

A Jole-2010 field emission HRTEM system, which is operated at 200kV with nano-

beam energy dispersive spectroscopy, was employed to study the Tin based 

chalcogenides. Since the thickness of the specimen plays an essential factor in the 

operation of TEM, the preparation of specimen strictly followed the standard 

preparation process, including initial mechanical grounding, dimpling, and finally 

argon ion beam milling, to obtain an electron transparency area of thickness less than 

200nm. Since Tin based chalcogenides are relatively soft, relatively low energy of ion 

beam and less milling time were used to reduce the damaging during the process of 

ion beam milling. 
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In this study, both plan-view and cross-sectional specimens were prepared for studying 

crystallographic structures and interface features of the Tin based chalcogenides thin 

films. Plan-view specimens were prepared from ultra-thin films deposited by MBE, 

therefore, no additional milling process is used to obtain electron transparency 

specimen. TEM images, including bright field images, dark field images and HRTEM, 

were used to characterize the quality of MBE growth thin films. SAD patterns were 

obtained to investigate the crystal structure of the epi-layer. It was important to note 

that although high-resolution results were obtained by TEM, this technique focused 

on a very limited area of the sample. On the contrary, XRD was able to collect the 

information from a large area of the sample (typically in the order of centimeter 

squares). Thus, to reach a more comprehensive understanding of the specimen, a 

combination of TEM and XRD results is necessary.    
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2.3  Low Frequency Noise Measurements 

2.3.1  Power Spectral Density 

Noise in semiconductor devices is a stochastic process, which results from the random 

fluctuation of physical properties that can be characterized by its statistical properties. 

The random fluctuation is usually denoted by 𝓍(𝑡) , where t represents time. In 

semiconductor devices, the properties of physical origins of noise are usually 

independent upon time; thus, the statistical properties of noise processes are also 

independent on time, which results in a stationary random process. Power spectral 

density is an important statistical function for noise studying by transferring from time 

domain to frequency domain, which is defined as[193, 194]: 

𝑆𝑋(𝑓) = lim
𝑇→∞

2|𝑋𝑇(𝑓)|2

𝑇
,       (2.4) 

where 𝑋𝑇(𝑡) is the Fourier transform of 𝓍𝑇(𝑡), 

𝓍𝑇(𝑡) = {
𝓍(𝑡),               |𝑡| ≤ 𝑇/2

0,                     |𝑡| ≥ 𝑇/2
,      (2.5) 

To study the autocorrelation of the variable at different time, an autocorrelation 

function is defined as: 

𝛷𝑥(𝜏) ≡ 〈𝓍(𝑡)𝓍(𝑡 + 𝜏)〉 = 𝑙𝑖𝑚
𝑇→∞

1

𝑇
∫ 𝓍(𝑡)𝓍(𝑡 + 𝜏)𝑑𝜏

𝑇/2

−𝑇/2
,   (2.6) 

where the triangular brackets indicates the ensemble average. If the random variable 

is ergodic, the ensemble average is equal to the time average of a long period. It could 

be seen that the auto correlation of the variable is independent of time t, but related to 

the distance of time difference 𝜏. According to the Wiener-Khintchine theorem, the 

power spectral density is the Fourier transform of the autocorrelation function as 

shown in Equation (2.7): 

𝑆𝑥(𝑓) = 2 ∫ 𝛷𝑥(𝜏)𝑒𝑥𝑝 (−𝑗2𝜋𝑓𝜏)𝑑𝜏 = 4 ∫ 𝛷𝑥(𝜏)𝑐𝑜𝑠2𝜋𝑓𝜏𝑑𝜏
∞

0

∞

−∞
, (2.7) 

𝛷𝑥(𝜏) = ∫ 𝑆𝑥(𝑓)𝑐𝑜𝑠2𝜋𝑓𝜏𝑑𝑓
∞

0
.     (2.8) 
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If we define 𝜏 = 0 in Equation (2.8), then the equation can be derived as: 

𝛷𝑥(0) ≡ 〈𝓍2(𝑡)〉 = ∫ 𝑆𝑥(𝑓)𝑑𝑓
∞

0
.     (2.9) 

Thus, the power spectral density has the unit of [x]2/Hz and the physical significance 

of average power per bandwidth. 

2.3.2  Noise in Semiconductors 

According to the form of the spectral density and the physical origin, four types of 

noise that are found in semiconductors could be summarized as following[195]: 

1. Thermal noise. It is also named as Johnson noise, which results from the thermal 

agitation of carriers, leading to a fluctuation of velocity. At thermal equilibrium 

condition, the thermal noise is indicated by Nyquist’s formula, Sv=4kBTR, where 

R represents the resistance. 

2. Shot noise. There usually exists a fluctuation of current in electronic devices, 

which results from the random transit of carriers. However, the fluctuation is 

negligible, unless the number of transit carriers is rare enough. Under the 

circumstance of very limited transit carriers, the noise power spectral density could 

be given as SI = 2eI, where I is the current transit through the device. The above 

two types of noise are irrelevant to frequency; therefore they are typical white 

noise. 

3. Generation-recombination (G-R) noise. It originates from the capture and emission 

processes of free carriers in the trap center, which results in a fluctuation of local 

carrier density and mobility. The power spectral density of G-R noise is in the form 

of a Lorentzian function. 

4. 1/ f noise. It is also called Flicker noise, which can be characterized by a power 

spectrum, S ∝ 1/𝑓𝛾, where 𝛾 is a constant value (𝛾 ≅ 1). Controversial models 

have been introduced to explain the causes of 1/ f noise. 
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G-R noise and 1/ f noise in SnS thin films will be studied in this thesis; and a detailed 

discussion will be introduced in the following section. However, thermal noise and 

shot noise will not be discussed in this thesis, since both of them are dominant on the 

high frequency range. 

2.3.2.1  G-R Noise Trapping Kinetics 

G-R noise is generated from the process of the capture and emission of carriers by trap 

centers in the semiconductors.[196-199] The power spectral density of G-R noise is 

Lorentzian, 𝑆 ∝ 𝑓𝑐/(𝑓𝑐
2 + 𝑓2), where fc represents the corner frequency. Two distinct 

regions are separated by the corner frequency, the rolloff region for f > fc and the 

plateau region for f < fc. 

 

The trap centers generally indicate the localized states in semiconductors, in which 

free carriers (electrons and holes) from conduction bands and valance bands, 

respectively, are captured and subsequently released. The trapping and releasing 

process of free carriers would result in a fluctuation in the carrier concentration and in 

the flow of current. Trap centers can be formed by various kinds of structures, such as 

shallow and deep levels of donors and acceptors, unintentional impurities in 

semiconductors, structural defects at crystal surfaces and grain boundaries, threading 

dislocations, etc. 
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 Figure 2.13 Schematic image of the mechanism of transition involving the trap 

level. 

 

The trap centers usually introduce a trap level into the band diagram of semiconductors, 

which can interact with the conduction band and valance band by the following four 

processes: (a) electrons from the conduction band being captured at the trap level, (b) 

electrons being released to the conduction band from the trap level, (c) holes from the 

valance band being captured at the trap level, (d) holes being released to the valance 

band from the trap level.[200] Figure 2.13 is the schematic representation of the four 

transition processes (a, b, c, d) involved in the trap level, of which the average 

transition rates in cm-3/s are indicated by rn, gn, rp, and gp respectively. 
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The electron capture and emission rates of the transition processes between conduction 

band (Ec) and trap level (ET) are given by[201]: 

 𝑟𝑛 = 𝑐𝑛𝑛(𝑁𝑇 − 𝑛𝑇),      (2.10) 

𝑔𝑛 = 𝑒𝑛𝑛𝑇,        (2.11) 

where 𝑐𝑛 is the electron capture coefficient in cm-3/s, 𝑒𝑛 is the electron emission 

coefficient in s-1, n is the electron density, 𝑁𝑇 is the density of traps (both filled and 

empty) in cm-3, and 𝑛𝑇 indicates the density of filled traps in cm-3. Similarly, the 

transition rates between the valance band and trap level are given by: 

𝑟𝑝 = 𝑐𝑝𝑝𝑛𝑇,       (2.12) 

𝑔𝑝 = 𝑒𝑝(𝑁𝑇 − 𝑛𝑇),      (2.13) 

where 𝑐𝑝 is the hole capture coefficient in s-1, 𝑒𝑝 is the hole emission coefficient in 

cm-3/s, and p is the hole density in cm-3. 

 

The number fluctuation of filled traps is affected by all of the four processes 

introduced above, thus, a net rate of change in 𝑛𝑇 is given as follows: 

𝑑𝑛𝑇

𝑑𝑡
= 𝑟𝑛 − 𝑔𝑛 − 𝑟𝑝 + 𝑔𝑝,      (2.14) 

Under equilibrium conditions, the net rate of change in 𝑛𝑇 is zero, thus, 

𝑟𝑛 − 𝑔𝑛 − 𝑟𝑝 + 𝑔𝑝 = 0.       (2.15) 

Meanwhile, since the process is a steady state, there should be zero accumulation of 

electrons and holes in the conduction band and valance band respectively, therefore: 

𝑟𝑛 − 𝑔𝑛 = 𝑐𝑛𝑛𝑜(𝑁𝑇 − 𝑛𝑇𝑜
) − 𝑒𝑛𝑛𝑇𝑜

= 0,    (2.16) 

𝑟𝑝 − 𝑔𝑝 = 𝑐𝑝𝑝𝑜𝑛𝑇𝑜
− 𝑒𝑝(𝑁𝑇 − 𝑛𝑇𝑜

) = 0,    (2.17) 

where the subscripts o indicate that the variable is under equilibrium conditions. Then, 

the emission coefficient of both electrons and holes could be derived as: 

𝑒𝑛 = 𝑐𝑛𝑛𝑜
𝑁𝑇−𝑛𝑇𝑜

𝑛𝑇𝑜

= 𝑐𝑛𝑛𝑜
1−𝑓𝑇

𝑓𝑇
,      (2.18) 

𝑒𝑝 = 𝑐𝑝𝑝𝑜
𝑛𝑇𝑜

𝑁𝑇−𝑛𝑇𝑜

= 𝑐𝑝𝑝𝑜
𝑓𝑇

1−𝑓𝑇
,      (2.19) 
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where 𝑓𝑇 = 𝑛𝑇𝑜
/𝑁𝑇 is the fraction of filled traps and is given by the Fermi-Dirac 

distribution function: 

𝑓𝑇 =
1

1+𝑔𝑒𝑥𝑝(
𝐸𝑇−𝐸𝐹

𝑘𝐵𝑇
)
,       (2.20) 

where 𝐸𝑇 is the energy level of the trap center, 𝐸𝐹 is the Fermi level and g is the 

trap degeneracy factor. Combining Equation (2.20) with Equation (2.18) and Equation 

(2.19), the emission coefficients are derived as: 

𝑒𝑛 = 𝑔𝑐𝑛𝑛𝑜𝑒𝑥𝑝 (
𝐸𝑇−𝐸𝐹

𝑘𝐵𝑇
) ≡ 𝑐𝑛𝑛𝑠,       (2.21) 

𝑒𝑝 =
1

𝑔
𝑐𝑝𝑝𝑜𝑒𝑥𝑝 (

𝐸𝐹−𝐸𝑇

𝑘𝐵𝑇
) ≡ 𝑐𝑝𝑝𝑠,       (2.22) 

where 𝑛𝑠 and 𝑝𝑠 are defined as follows: 

𝑛𝑠 ≡ 𝑔𝑛𝑜𝑒𝑥𝑝 (
𝐸𝑇−𝐸𝐹

𝑘𝐵𝑇
),       (2.23) 

𝑝𝑠 ≡
1

𝑔
𝑝𝑜𝑒𝑥𝑝 (

𝐸𝐹−𝐸𝑇

𝑘𝐵𝑇
),       (2.24) 

Thus, the rate of change in 𝑛𝑇 can be written as: 

𝑑𝑛𝑇

𝑑𝑡
= 𝑐𝑛(𝑛𝑁𝑇 − 𝑛𝑛𝑇 − 𝑛𝑆𝑛𝑇) − 𝑐𝑝 (𝑝𝑛𝑇 −

1

𝑔
𝑝𝑆𝑁𝑇 + 𝑝𝑆𝑛𝑇). (2.25) 

In n-type semiconductors, the electron concentration is much larger than the hole 

concentration, therefore the recombination and generation of holes by transitions 

between trap level and valance band is negligible. Thus Equation (2.25) can be written 

as: 

                  
𝑑𝑛𝑇

𝑑𝑡
= 𝑐𝑛(𝑛𝑁𝑇 − 𝑛𝑛𝑇 − 𝑛𝑆𝑛𝑇).      (2.26) 

The capture of electrons in the trap level from the conduction band would lead to a 

fluctuation of the density of filled traps (𝑛𝑇), which results in a deviation from the 

equilibrium value 𝑛𝑇𝑜
 by an amount ∆𝑛𝑇, as indicated by Equation (2.27): 

𝑛𝑇 = 𝑛𝑇𝑜
+ ∆𝑛𝑇,        (2.27) 

𝑛 = 𝑛𝑜 − ∆𝑛𝑇.         (2.28) 
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Since the deviation of 𝑛𝑇  from the equilibrium value 𝑛𝑇𝑜
 is small, the rate of 

relaxation from 𝑛𝑇 to 𝑛𝑇𝑜
 is defined as: 

𝑑𝑛𝑇

𝑑𝑡
=

𝑑∆𝑛𝑇

𝑑𝑡
= −𝑐𝑛[(𝑁𝑇 − 𝑛𝑇𝑜

) + 𝑛𝑜 + 𝑛𝑠]∆𝑛𝑇 ≡ −
∆𝑛𝑇

𝜏𝑇
,  (2.29)                                                    

where 𝜏𝑇 is the relaxation time: 

𝜏𝑇 =
1

𝑐𝑛[(𝑁𝑇−𝑛𝑇𝑜)+𝑛𝑜+𝑛𝑠]
.       (2.30) 

According to the above two equations, the kinetics of electron trapping in n-type 

semiconductors is fully described by four trap parameters: 𝑐𝑛 , 𝑁𝑇 , g and 𝑛𝑠 , in 

addition to the equilibrium electron concentration. 

 

Because of the existence of multiple trap levels, the G-R noise is usually generated by 

the random transition of electrons among the trap levels, conduction band, and valance 

band, which results in a very complex process. To simplify the calculation of noise 

statistic properties, an approximation is utilized that each trap level interacts 

individually with conduction band and valance band. Van Rheenan et al. claimed that 

the approximation is valid only when the following two conditions are satisfied: a. the 

energy difference between the Fermi level and the trap levels should be at least a few 

kBT, b. the carrier density should be much larger than that of each trap center.[197] 

 

In the circumstance of electron transitions between single trap levels and conduction 

bands, the random variable is the number of free electrons, N(t), which follows the 

statistic of G-R noise. Since the current I(t) is affected by the number of free electrons 

N(t), the power spectrum of ∆𝐼(𝑡) is proportional to the power spectrum of ∆𝑁(𝑡): 

𝑆𝐼(𝑓) = 𝑆∆𝐼(𝑓) = 4 ∫ 𝑑𝑡𝛷𝛥𝐼(𝑡)𝑐𝑜𝑠 (2𝜋𝑓𝑡)
∞

0
= (∆𝐼𝑜)2𝑆∆𝑁(𝑓).  (2.31) 

The autocorrelation function of the random variable of free electrons N(t) is shown as: 

𝛷𝛥𝑁(𝜏) = 〈𝛥𝑁2〉 𝑒𝑥𝑝 (
𝜏

𝜏𝑇
),      (2.32) 
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where 𝜏𝑇 is the relaxation time. According to the Wiener-Khintchine theorem[202], 

the power spectral density of N(t) is given by the Fourier transform of 𝛷𝛥𝑁(𝜏) as 

follows: 

𝑆𝛥𝑁(𝑓) = 4〈𝛥𝑁2〉
𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2 ,       (2.33) 

Finally, the power spectrum of current fluctuations 𝐼(𝑡) is given by substituting E q. 

(2.33) into Equation (2.31): 

𝑆𝐼(𝑓) = 4(𝛥𝐼𝑜)2〈𝛥𝑁2〉
𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2,      (2.34) 

= 4(𝛥𝐼𝑜)2𝛺
𝑛𝑜(𝑁𝑇−𝑛𝑇𝑜)

𝑛𝑜+𝑛𝑠+(𝑁𝑇−𝑛𝑇𝑜)

𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2,   (2.35) 

where 𝛺 is the active volume in cm3. It can be seen the power spectral density of 

current is a Lorentzian, of which the corner frequency is 𝑓𝑐 = 1/2𝜋𝜏𝑇. The trapping 

kinetics is the major effect on the spectral shape of 𝑆𝐼(𝑓).  

 

Flicker (1/f) noise generally exists in various kinds of systems including physical 

systems, biological systems, society, medicine and geological systems, etc. The 1/f 

noise in solid-state materials has been explained by many different theories, such as 

the Hooge’s model, quantum 1/f noise theories, superposition of Lorentzians, the 

McWhorter model, and the thermal activation model. 

2.3.2.2  Hooge’s Model for 𝟏/𝒇 Noise 

A phenomenological equation of 1/f noise was given by Hooge et al., as shown in 

Equation(2.36).[203, 204] According to the experimental results of low-frequency 

noise in gold films and various kinds of semiconductor samples.  

𝑆𝐼(𝑓)

𝐼2 =
𝛼𝐻

𝑁𝑐𝑓
,        (2.36) 

where 𝑆𝐼(𝑓) is power spectral density of current noise, I is the value of current transit 

through the device, Nc is the number of free carriers and 𝛼𝐻 is a constant value which 

is named as the Hooge parameter (2 x 10-3). The Nc dependence of current noise 𝑆𝐼(𝑓) 
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implies that the 1/f noise described by Hooge’s model is a bulk effect. The Hooge’s 

model has been verified by noise data measured from many materials: metals (Silver, 

Aluminum, Gold), thin films (Silver, Copper, Tin) and semiconductors (n-type and p-

type Ge, Si, GaAs). The typical value of 𝛼𝐻 measured from these materials is about 

1x10-3. However, there exist a number of other materials in which the recorded value 

of 𝛼𝐻 are orders of magnitude different from 2 x 10-3. Meanwhile, a surface effect 

phenomenon rather than bulk effect is observed on MOSFET devices. Usually, the 

power spectral density is not exactly dependent on 1/f, but proportionally dependent 

on 1/f(0.8<). Thus, Equation(2.36) is not a universal formula in describing the 

current noise.  

2.3.2.3  Quantum 𝟏/𝒇 Noise Model 

The Quantum 1/f noise model is proposed by Handel to give physical meaning to the 

Hooge equation.[205, 206] It suggests that the interactions between scattered carriers 

and the electromagnetic field lead to the mobility fluctuations, which results in a 1/f 

noise. Thus, it is believed that the mobility fluctuation is a quantum mechanical 

process and should exist in all electron devices.[207] For processes not involving inter 

valley scattering, values of the Hooge parameter are of the order 10-8 to 10-9, and for 

processes involving inter valley scattering, increased values of the Hooge parameter 

are obtained (10-5 to 10-8). The validity of the quantum 1/f noise model is controversial, 

since there is no conclusive evidence to support the model. Similar to Hooge’s model, 

Handel’s theories require strict 1/f dependence. However, most semiconductor 

materials and devices exhibit proportional dependence on 1/fin the low frequency 

range where deviates from 1. [208-211] Therefore, in those cases, the Hooge-type 

processes do not generate 1/f noise, and the quantum 1/f value may covered by 

fluctuations of other noise sources. 
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2.3.2.4  Thermal Activation Model for 1/f Noise Model 

According to G-R noise trapping kinetics, the power spectral density of single trap 

level systems is in a Lorentzian form. For a system containing multiple trap levels, 

there is an approximation to obtain the total noise power spectral density: the traps 

individually interact with conduction bands and valance bands in the emission and 

capture process of electrons and/or holes. Thus, a simple summation of Lorentzian of 

each trap level is equivalent to the total noise power spectral density, which is given 

as[201]: 

         𝑆(𝑓) = 4 ∫ ∫ ∫ ∫ 𝑁𝑇(𝑥, 𝑦, 𝑧, 𝐸) ×
𝜏𝑒𝜏𝑐

(𝜏𝑒+𝜏𝑐)2

𝜏

1+𝜔2𝜏2 𝑑𝑥𝑑𝑦𝑑𝑧𝑑𝐸
𝐸𝑧𝑦𝑥

,  (2.37) 

where 𝜏𝑒 and 𝜏𝑐 indicate the capture and emission time constants respectively. The 

overall time constant, 𝜏, is given as: 

𝜏 =
𝜏𝑒𝜏𝑐

𝜏𝑒+𝜏𝑐
= 𝜏0𝑒𝑥𝑝 (

𝐸

𝑘𝐵𝑇
),       (2.38) 

where 𝜏0 is taken as the inverse phonon frequency, E is the activation energy of the 

trap, and 𝑘𝐵  is the Boltzmann constant. If the distribution of E is uniform within 

lower and upper frequency, D(E)=Do, the power spectral density S(f) can be derived 

as follows: 

𝑆𝐼(𝑓) = ∫ 𝑑𝐸𝜏𝐷(𝐸𝜏)
𝐴𝜏𝑇(𝐸𝜏)

1+4𝜋2𝑓2𝜏𝑇
2(𝐸𝜏)

,      (2.39) 

≅
𝐴𝐷𝑜

4𝑓
     𝑓𝑜𝑟 1/2𝜋𝜏1 ≫ 𝑓 ≫ 1/2𝜋𝜏2,    (2.40) 

where A is a constant and 𝜏2  and 𝜏1  are the lower and upper frequency limits 

respectively. Exact 1/f dependence is obtained in Equation (2.40) within the limited 

frequency range. 

 

Dutta et al. found that for not uniform but smooth distributions of E, D(E), the power 

spectral density was of the form 1/f, where ≈1.[212, 213] The model was found to 

be suitable to explain the obtained flicker noise in semiconductor devices, which 
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results from the capture and emission process of carriers. The Lorentzian factor of 

Equation(2.39), 
𝜏𝑇(𝐸𝜏)

1+4𝜋2𝑓2𝜏𝑇
2(𝐸𝜏)

, as a function of E peaks sharply at 

𝐸𝑝 ≡ 𝑚𝑎𝑥(𝐸𝜏) = −𝑘𝐵𝑇𝑙𝑛(2𝜋𝑓𝜏𝑜).     (2.41) 

Equation (2.41) implies that traps with different activation energies can be detected by 

measuring the 1/f noise. For a smoothly varying D(E) around Ep, distribution of E, 

D(E), roughly equals to D(Ep). Thus, at a certain temperature and frequency, Equation 

(2.40) can be derived as: 

𝑆𝐼(𝑓) = 𝐴𝐷(𝐸𝑝) ∫ 𝑑𝐸
𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2 = 𝐴𝐷(𝐸𝑝)

𝑘𝐵𝑇

4𝑓
.   (2.42) 

The expression of trap distribution in terms of 𝑆𝐼(𝑓) can be derived from Equation 

(2.42): 

𝐷(𝐸𝑝) =
4𝑓𝑆𝐼(𝑓)

𝑘𝐵𝑇𝐴
 .        (2.43) 

Dutta et al. obtained the temperature dependence of the spectral density by combining 

Eqs. (2.41) and (2.43) and keeping 𝐸𝑝 unchanged, as shown in Equation (2.44) 

α ≡ −
𝜕𝑙𝑛𝑆𝐼

𝜕𝑙𝑛𝑓
= 1 −

1

ln(2𝜋𝑓𝜏𝑜)
(

𝜕𝑙𝑛𝑆𝐼

𝜕𝑙𝑛𝑇
− 1).     (2.44) 

The Dutta-Horn relation provides a self-consistency test for the thermal activation 

model. 

2.3.2.5  McWhorter’s Model for 1/f Noise Model 

In metal-oxide-semiconductor (MOS) systems, the 1/f noise, claimed by 

McWhorter[214], is generated by the carrier trapping in localized states in the oxide 

in the form of number fluctuations. Since the traps in oxides are spatially separated 

from the carriers, the kinetic rates of carriers’ interactions with traps are different from 

those of bulk semiconductors. In this model, the process of tunnelling accomplishes 

trapping and de-trapping of carriers. The power spectral density of the number 

fluctuation of occupied traps in an elemental volume Ω = ΔxΔyΔz is given by[215]: 
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𝑆Δ𝑁(f) = 4𝑁𝑇𝑇(𝐸, 𝑧)𝑓𝑇(1 − 𝑓𝑇)ΔxΔyΔzΔE
𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2,   (2.45) 

where 𝑁𝑇𝑇(𝐸, 𝑧) is the density of traps in cm-3/eV and  

𝜏𝑇 =
1

𝑐𝑛[(𝑁𝑇−𝑛𝑇)+𝑛+𝑛𝑠]
𝑒𝑥 𝑝(𝜅𝑧) ≡  𝜏𝑜𝑒𝑥𝑝(𝜅𝑧) ,    (2.46) 

where 𝜅𝑧 indicates the tunneling probability, 𝜅 is the WKB parameter and z is the 

distance between the trap and the surface of semiconductor. The Fermi factor 𝑓𝑇(1 −

𝑓𝑇) peaks sharply at ET=EF. Thus, the traps that possess energy within a few KBT 

from the Fermi level only affect the number fluctuations. 

2.3.3  Experimental Details 

The experimental setups of noise measurements are shown in Figure 2.14. Low 

frequency noise measurements were performed over a wide range of temperatures to 

study the trap density of SnS films grown by MBE. In the experiment, the device under 

test (DUT) was placed inside a cryostat, in which the temperature could be cooled 

down to 77 K using liquid nitrogen as cryogen. A Lakeshore 91C temperature 

controller precisely controlled the temperature of the DUT. An all-passive RLC filter 

was used to filter the Lakeshore 91C current supply to the heater. A battery was used 

as a constant voltage source to bias the device. A Stanford Research SR570 low-noise 

current amplifier was used to amplify the signal of current fluctuation. To reduce the 

extraneous noise, all the equipment was placed inside a shielded room, including the 

cryostat, passive biasing circuit and low-noise preamplifier. A HP3561A dynamic 

signal analyzer was used to measure the noise power spectral density.  
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Figure 2.14 Schematic image of setup for low frequency noise measurement. 
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2.4  Raman Spectroscopy 

2.4.1  Basic Principles 

Raman spectroscopy is a non-destructive technique for obtaining the vibration and/or 

rotation of atoms or molecules inside samples. This technique is based on inelastic 

scattering of incident laser, which was discovered by C.V. Raman.[216] In the process 

of light scattering, the photons of incident laser are first absorbed by the material, and 

then reemitted spontaneously. In fact, there exists two kinds of light scattering 

processes, inelastic and elastic scattering, corresponding to changing and unchanging 

frequency of reemitted light, respectively. Thus, there is a frequency difference 

between reemitted light and incident light in the process of inelastic scattering, from 

which the information of vibration, rotation and other low frequency transition of 

atoms or molecules can be derived. Since the process is non-destructive, solid, liquid 

and gaseous form of samples can be studied by Raman spectroscopy.  

 

The incident laser can be considered as a periodic electromagnetic wave, thus, a 

periodical electric field, 𝐸 = 𝐸𝑜cos (2𝜋𝜈𝑡), is applied on molecules, which results in 

a periodical deformation of molecules. If we consider that a molecule consists of two 

atoms, the oscillation of the molecule would induce a dipole moment , which is given 

as: 

𝜇 = 𝛼𝐸𝑜𝑐𝑜𝑠 (2𝜋𝜈𝑡),       (2.47) 

where  is the polarizability of the molecule. It is a function of the displacement x 

from the equilibrium distance of two atoms, which can be given by: 

𝛼(𝑥) = 𝛼𝑜 + (
𝜕𝛼

𝜕𝑥
)𝑜𝑥 +

1

2
(

𝜕2𝛼

𝜕2𝑥
)𝑜𝑥2 ⋯,    (2.48) 
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where α𝑜  indicates the polarizability of a molecule under equilibrium conditions. 

Since x is a small disturbance, higher-order terms are negligible. Thus, Equation (2.48) 

can be rewritten as: 

𝛼(𝑥) = 𝛼𝑜 + (
𝜕𝛼

𝜕𝑥
)𝑜𝑥.       (2.49) 

Because of the periodical electric field, the molecule would vibrate at its characteristic 

frequency  Thus, the displacement, x, can be expressed as: 

𝑥 = 𝑥𝑜cos (2𝜋𝜈𝑜𝑡),       (2.50) 

where 𝑥𝑜 indicates the amplitude of the vibration. By substituting Eqs. (2.49) and 

(2.50) into Equation (2.47), we get: 

𝜇 = 𝛼𝑜𝐸𝑜𝑐𝑜𝑠 (2𝜋𝜈𝑡) + (
𝜕𝛼

𝜕𝑥
)𝑜𝑥𝑜𝑐𝑜𝑠(2𝜋𝜈𝑜𝑡)𝐸𝑜𝑐𝑜𝑠 (2𝜋𝜈𝑡) ,     (2.51) 

= 𝛼𝑜𝐸𝑜𝑐𝑜𝑠(2𝜋𝜈𝑡) +
1

2
(

𝜕𝛼

𝜕𝑥
)𝑜𝑥𝑜𝐸𝑜 [𝑐𝑜𝑠 2𝜋(𝜈 − 𝜈𝑜) 𝑡 + cos 2𝜋(𝜈 + 𝜈𝑜) 𝑡]. (2.52) 

It can be seen from Equation (2.52), that the dipole is oscillating at three different 

frequencies, , which correspond to three different modes of light 

emission:  

1. Rayleigh scattering. As shown in Figure 2.15(a), the molecule absorbs a photon 

with frequency and reaches a virtual excited state. Then, the excited molecule 

generates a photon with the same frequency, , as incident light returns back to the 

initial state. This mode is called Rayleigh scattering, which is obviously an elastic 

scattering process. 

2. Stokes frequency. As shown in Figure 2.15 (a), the molecule absorbs a photon with 

frequency  at a basic vibrational state and reaches a virtual excited state. Then, 

the excited molecule returns back to an excited vibrational state and generates a 

photon with frequency of 𝜈 − 𝜈𝑜, where 𝜈𝑜 indicates the characteristic frequency 

of the molecule’s vibration. The extra energy, 𝛥𝛦 = h𝜈𝑜 , is transferred to the 

molecule to generate a vibrational stateThis kind of Raman frequency is known 

as Stokes frequency. 
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3. Anti-Stokes frequency. As shown in Figure 2.15 (b), the molecule is generated 

from an excited vibrational state to a virtual state, where the energy difference 

equals to h𝜈. Then the excited molecule returns to the basic vibrational state and 

releases a photon with energy of h(𝜈 + 𝜈𝑜) , where 𝜈𝑜  is the characteristic 

frequency of the molecule’s vibration. This Raman frequency is called the Anti-

Stokes frequency. 

 

Figure 2.15 shows the transition of electrons between virtual states and vibrational 

states, indicated by the arrows, which results in both Rayleigh scattering and Raman 

scattering. Wider arrows represent higher transition probabilities, thus, among the 

above three scattering modes, elastic Rayleigh scattering is the most predominant one: 

about 99.999% of the incident photons are absorbed and reemitted spontaneously 

without any change in frequencies. However, scattered light from Rayleigh scattering 

provides no information about the molecule’s vibration and/or rotation. Thus, it is 

essential to obtain the portion of Raman scattering provided by only 0.001% of the 

incident photons. It is worth noting that Stokes lines are usually stronger than Anti-

Stokes lines, which results from the Boltzmann distribution of molecules with 

different vibrational states: the number of molecules at basic vibrational state, V=0, is 

much smaller than that at excited vibrational state, V=1. Thus, there is higher 

probability to obtain Stokes lines of Raman scattering.[216]  

 



79 

 

 

Figure 2.15 Schematic energy band diagram of Rayleigh scattering and Raman 

scattering. The widths of arrows imply the relative probability of each transition. 

Stockes and anti_stockes scatterings are indicated in (a) and (b) respectively. 

 

According to the above discussion, a typical Raman spectroscopy is shown in Figure 

2.16. Stokes peaks and Anti-Stokes peaks symmetrically located on the two sides of 

the Rayleigh scattering peak, and the vibration and/or rotation of molecules are 
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characterized by the wavenumber difference between Raman scattering peaks, Stokes 

and Anti-Stokes, and Rayleigh scattering peak. For a certain material, the 

characteristic wavenumber differences between Raman scattering peaks and Rayleigh 

scattering peaks are irrelevant to the frequency of incident lasers, which can be 

considered as a ‘finger print’ of the material. However, not every vibration and rotation 

mode is Raman-active. According to the Equation (2.52), the Raman scattering will 

happen only when (
𝜕𝛼

𝜕𝑥
)𝑜 ≠ 0, which means the variation of molecule’s polarizability 

plays an essential role.[217]  

 

Figure 2.16 Typical image of Raman spectrum. 

2.4.2  Operation of Raman System 

In a Raman system, a laser beam in the ultraviolet, visible or near infrared range 

normally excites the sample. The wavelength of the excitation beam is critical. For 

instance, the ultraviolet laser beam consists of photons with enough energy to cause 

electronic excitation of molecules, which results in much more efficient molecule 

fluorescence compared with Raman scattering. Thus, in some circumstances, to reduce 

the effect of fluorescence, longer wavelength excitation laser beams are preferred. 

However, the intensity of Raman signals decrease rapidly with the increase of 
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wavelength of excitation laser beams, 𝐼 ∝ 𝜆−4 , where I is the intensity of Raman 

scattering, 𝜆 is the wavelength of the incident laser.[218] 

 

As introduced in the previous section, the Rayleigh scattering is predominant in the 

scattered light; thus, to separate weak Raman scattering from intense Rayleigh 

scattering, a notch filter is used to cut off the spectral range close to the laser line. 

Finally, a CCD camera detects the Raman signal.  

2.4.3  Experimental Details 

In our work, a Raman spectroscopy (HORIBA, HR800) was used to study the MBE 

grown SnS thin films. The excitation wavelength of the Raman system was 488nm, 

and the spot size of the laser was 1m. Raman active phonons were studied to obtain 

the stress and/or strain inside the grown SnS thin films. 

 

 Figure 2.17 Experiment setup for the Raman measurement. 
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2.5  X-ray Photoelectron Spectroscopy 

2.5.1  Basic Principles 

XPS is a non-destructive technique based on the photoelectric effect, which refers to 

the phenomenon of electron ejection from material shined by a certain wavelength of 

light, as given by the Einstein relationship[219]: 

𝐸𝑘 = ℎ𝜈 − 𝐸𝐵 − 𝜙,       (2.53) 

where ℎ𝜈 is the energy of incident photon, 𝐸𝐵 is the binding energy of the electron 

in internal orbitals of a certain atom and 𝐸𝑘  is the kinetic energy of the ejected 

photoelectron and 𝜙 is the work function of the analyzer. To excite electrons in the 

internal orbitals, X-rays generated from Mg K or Al K sources, which are 

monochromatized into energy values of 1256.3eV and 1486.7eV respectively, are 

used in the most commercial XPS instruments.[220, 221]  

 

It is worth noting that the generation of photoelectrons is usually accompanied by a 

release of Auger electrons.[222-224] A typical XPS spectrum of Rh single crystal 

(Intensity vs Binding Energy) is shown in Figure 2.18, in which peaks relate to Auger 

electrons as indicated. The schematic process of photoelectron generation is illustrated 

in Figure 2.19 (a); an electron emits from an internal orbital by absorbing the incident 

photon energy and leaves behind an electron vacancy. The electron vacancy in the 

orbital is filled by higher-level electrons, as shown in Figure 2.19 (b). There are two 

different ways of releasing the energy of electrons transitioning from higher level to 

the core level: a. releasing a photon with energy equals to the energy difference 

between the two energy levels (Ephoton = Ehigher-level -Ecore-level); b. exciting an Auger 

electron with a certain kinetic energy, EAuger-electron = Ephoton - Ebinding-. Thus, in a 

typical spectrum of XPS, it is difficult to distinguish peaks related to Auger electrons 

from photoelectrons. An effective method of distinguishing the two kinds of peaks is 
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varying the wavelength of excitation source. Since Ephoton, Ebinding and  are 

characteristic values in a certain material and spectrometer respectively, the kinetic 

energy of Auger electrons will not change by varying the wavelength of the X-ray 

excitation source. On the contrary, kinetic energy of photoelectrons will change a 

specific value related to the energy difference between two different excitation sources. 

 

 Figure 2.18 Typical XPS spectrum of Rh crystal. 
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 Figure 2.19 Schematic process of the generation of (a) photoelectron and (b) Auger 

electron. 

2.5.2  Sample Preparation 

In the operation of XPS, the size and shape of the sample are not critical factors. 

However, surface area of the sample should be larger than that of X-ray beam to 

maximize the sensitivity and exclude the effect of sample holder. The maximum depth 

from which photoelectrons can escape to the vacuum level limits the detection depth 

of XPS. Usually, the detection depth is less than 10nm (<10 atomic layers), thus, only 

information from the ultra-thin surface of the sample can be collected.[219] Therefore, 

any contamination on the sample surface will seriously affect the results. Since there 

is a chance to introduce contamination during the entire detection process, an ultra-

high vacuum environment and fresh clean sample surface are required. Usually, the 

sample surface will be exposed to air before loading into the system. To remove the 

potential contamination of the sample surface, an Ar+ ion sputtering process is applied 

(a) (b) 
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right before the XPS spectrum recording to remove any contamination. Under the 

circumstance of ultra-high vacuum (< 10-9
 torr), the fresh active sample surface, 

resulting from Ar+ bombardment, can be maintained for several minutes without 

significant impurity absorption. Another benefit of the ultra-high vacuum environment 

is that the collision between photoelectron and residual atoms can be reduced, which 

results in a long enough mean-free-path of photoelectrons to reach detector.  

2.5.3  Fermi Level as Reference Level 

There are two different definitions concerning binding energy, 𝐸𝐵
𝑉 and 𝐸𝐵

𝐹, which 

refer to vacuum level and Fermi level respectively, as shown in Figure 2.20. Thus 

Equation (2.53) can be written as: 

ℎ𝜈 = 𝐸𝑘,𝑆 + 𝐸𝐵
𝐹 + 𝜙𝑆 = 𝐸𝑘,𝑆 + 𝐸𝐵

𝑉,      (2.54) 

where 𝜙𝑆  is the work function of the sample. If we consider a metal sample and 

assume an electrical contact between the sample and the spectrometer, under the 

equilibrium condition, the Fermi levels must be at the same energy level, which results 

in a contact potential, 𝜙𝑆𝑝 − 𝜙𝑆. Because of the contact potential, the photoelectrons 

would be accelerated or decelerated. Thus, the kinetic energy of photoelectrons 

detected by the spectrometer is given by: 

                      𝐸𝑘,𝑆𝑝 = 𝐸𝑘,𝑆 − (𝜙𝑆𝑝 − 𝜙𝑆),      (2.55) 

Binding energy 𝐸𝐵
𝐹 and 𝐸𝐵

𝑉 are given by substituting Equation 2.55 into Equation 

2.54: 

𝐸𝐵
𝐹 =  ℎ𝜈 − 𝐸𝑘,𝑆𝑝 − 𝜙𝑆𝑝,      (2.56) 

𝐸𝐵
𝑉 =  ℎ𝜈 − 𝐸𝑘,𝑆𝑝 − (𝜙𝑆𝑝 − 𝜙𝑆).    (2.57) 

It can be seen that the measured binding energy 𝐸𝐵
𝐹  depends only on the work 

function of the spectrometer, which is a certain value for a specific XPS system. While 
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𝐸𝐵
𝑉 depends on work function of the spectrometer, 𝜙𝑆𝑝, and sample, 𝜙𝑆, where 𝜙𝑆 

can vary by several eV. Thus, 𝐸𝐵
𝐹 is preferred to describe the binding energy. 

 

Figure 2.20 Schematic image of reference level. 

 

In the operation of XPS, photoelectrons are released from the sample surface and leave 

behind a positive charged surface, which is simultaneously neutralized by the electron 

flux from the spectrometer in metal samples. However, for semiconductors and 

insulators, because of the non-electric contact between the samples and the 

spectrometer, surface charge cannot be simultaneously neutralized as found in metal 

samples. The residual surface charge will perform as an extra electric field, which 

results in higher binding energy in XPS spectrum. Under this circumstance, the Fermi 

levels of samples and spectrometer are not at the same energy level. Since the surface 

charging varies from different samples, it is difficult to determine the exact peak 

shifting in XPS spectrum. To calibrate the XPS spectrum measured from 

semiconductors and insulators, a large variety of methods have been presented. In our 
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work, the unintentional Carbon impurity is used to calibrate the XPS spectrum, since 

the binding energy of C 1s is a constant value, 284.5eV.[225, 226]  

 

In the above discussion, only elastically scattered photoelectrons are considered. In 

fact, only a small portion of photoelectrons are elastically scattered. Many 

photoelectrons lost certain amounts of energy before reaching the sample surface in 

inelastic scattering, which resulted in an increase of binding energy to present step like 

XPS spectrum, as shown in Figure 2.18.   

2.5.4  Determination of Valence Band Offset at Hetero-

interfaces 

The Valence Band Maximum (VBM) of semiconductors and insulators can be 

obtained at the edge of the XPS spectrum near the Fermi level, as shown in Figure 

2.21. The Fermi level is calibrated to 0eV (binding energy). The VBM, Ev, is 

determined at the intersection of the linear extrapolation of the leading valence band 

edge and the background. It can be seen that photoelectrons cannot be generated from 

the energy level higher than the valence band maximum, Ev, which is consistent to the 

fact valence bands rather than conduction bands are filled with electrons. Since the 

Fermi level is referenced to 0eV, the relative positions of VBM of different materials 

can be determined by using XPS. 
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Figure 2.21 XPS spectrum near the Fermi level. Ev and Ef indicate the energy level 

of valence band maximum and Fermi level respectively. 

 

However, it’s worth noting that the chemical environment of sample surface affects 

the measured VBM, which is much different from the hetero-interfaces. Thus, to 

determine the VBM offset at the interface, ultra-thin epilayer on a substrate are 

required to obtain the relative shifting of binding energy between the two materials. 

Then, the Valence Band Offset (VBO), ∆𝐸𝑣, can be given as: 

∆𝐸𝑣 = (𝐸𝑁 − 𝐸𝑣
𝐴) − (𝐸𝑀 − 𝐸𝑣

𝐵) − (𝐸𝑁
𝑖 − 𝐸𝑀

𝑖 ),    (2.58) 

where 𝐸𝑁 and 𝐸𝑀 represent the core level binding energy of elements in material A 

and B respectively, 𝐸𝑣
𝐴 and 𝐸𝑣

𝐵 represent the VBM of material A and B respectively 

and 𝐸𝑁
𝑖  and 𝐸𝑀

𝑖  indicate the core level binding energy of elements at the interface. 

The Conduction Band Offset (CBO) can be determined by combining VBO and band 

gaps of material A and B.[227-229] 
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2.5.5  Experimental Details 

A SKL-12 spectrometer equipped with twin anode (Al/Mg) X-ray sources was used 

to study the VBO and CBO at the p-SnS/n-GaN and p-SnS/AZO hetero-interfaces, 

which were grown in the MBE system. The typical working pressure of the sample 

analysis chamber is <8 x 10-8 Pa. All the samples are cut into 1cm x 1cm squares to fit 

the size of the X-ray beam. To determine the VBO and CBO, freshly grown SnS films, 

freshly etched substrates (GaN, AZO) and freshly grown SnS ultra-thin films were 

prepared. To reduce the effect of oxidization and adhesion of oxygen in air, all the 

prepared samples were sealed in N2 plastic bags before loading into the XPS system 

and cleaned by 5k eV Ar bombardment right before the XPS measurement.  

 

 

 

 

 

 

 

 



90 

 

CHAPTER 3  DEPOSITION OF HIGH 

QUALITY TIN MONOSULFIDE THIN 

FILMS 

According to the results of SnS based PVCs found in the literature, proper n type 

window layers with appropriate values of electron affinity are essential for SnS based 

PVCs. P. Sinsermsuksakul et al. have observed a record power conversion efficiency 

of SnS based PVCs, 4.4%, by introducing a Zinc Oxysulfide buffer layer, whose 

electron affinity is tuneable by varying the Oxygen/Sulfur ratio.[177] However, the 

device performance is still far from the theoretical expectation, which is probably 

limited by the poor film quality. Therefore, in this chapter, a novel growth process for 

obtaining high quality SnS thin films are studied. So far SnS based PVCs are fabricated 

by using un-doped SnS thin films, which are native p-type materials resulting from the 

Sn vacancies. Electrical properties of SnS absorbers, such as hole mobility, hole 

concentration, are out of control, which might be a reason for the relatively low 

efficiency. By varying the hole concentration in SnS films to establish a back-surface 

field, the recombination of photo-generated carriers can substantially be reduced 

results in a higher Jsc. Thus, extrinsic doping should be applied to vary the electrical 

properties of p-type SnS films. 

3.1  First Principle Calculation of Energy Band 

Structure 

Prior to SnS thin films fabrication, a first principle calculation was applied to study 

the energy band structure of SnS to guide the experiments of extrinsic doping. A 

commercial CASTEP integrated in Material Studio was used to calculate the energy 

band structure. Orthorhombic structure (Pnma 62 space group) and lattice parameters 
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of a = 4.329Å, b = 11.18Å, c= 3.982Å (JCPDS no. 73-1859) were used to build up 

SnS super cells (2 × 2 × 2), in which 64 atoms are contained. Then using the 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme geometrically optimized SnS 

matrix. The energy cut-off was set at 290eV. A convergence criterion of 2.0×10-

5eV/atom and 0.05eV/Å in energy and force, respectively, were used. Based on the 

optimized SnS matrix, the exchange-correlation potential was described by 

generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

form. The interactions between ionic cores and electrons were treated by the ultra-soft 

pseudopotentials. Sn (5s25p2) and S (3s23p4) were treated as valance electrons using 

pseudoatomic calculations. The Brillouin Zone sampled by a Monkhorst-Pack mesh 

of 1 × 3 × 3 k-points grid was used for charge density integration.  

 

Considering the outer electrons of Cu 3d104s1 and Sn 4d105s25p2, Cu has fewer 

electrons than Sn. Meanwhile, the valance electron of Cu 4s1 is less than that of Sn 

5s25p2, which implies that Cu might be stabilized as Cu+ in an SnS matrix and act as 

a p-type dopant. The ionic radios of Cu+ (96 pm) and Sn2+ (93 pm) suggest that Cu 

atoms might be able to replace Sn atoms inside the SnS matrix. Thus Cu doped SnS is 

studied by replacing one Sn atom inside the SnS super cell (2 × 2 × 2) by a Cu atom 

indicating a doping concentration of 3.125%. Prior to the studying of band structure, 

the Cu doped SnS matrix is geometrically optimized. The results of energy band 

diagrams of pure SnS and Cu doped SnS are shown in Figures 3.1 (a) and 1(b) 

respectively. It can be observed that the conduction band minimum (CBM) and 

valance band maximum (VBM) located at Γ does not coincide at the same k point. 

Therefore, indirect band gaps of pure SnS and Cu doped SnS are identified at 0.982 

eV and 0.864 eV respectively, which are consistent with experimental results in the 

literature. The total density of states (DOS) of pure SnS and Cu doped SnS are carried 

out at the same time, which are shown in Figure 3.2 (a) and (b) respectively. Dotted 
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vertical lines in Figure 3.2 represent the Fermi level; where valance bands and 

conduction bands are separated. A heavily p-doped SnS can be obtained from Figure 

3.2 (b), because the Fermi level passes through the top of the valence band. By 

analyzing the partial density of states, the states near the top of the valance band come 

from d states of Cu and p states of S. Thus, Cu is probably an appropriate p-type dopant 

for SnS. 
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 Figure 3.1 Band diagram of (a) pure SnS and (b) Cu-doped SnS.[230] 
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 Figure 3.2 Total density of states (DOS) of (a) pure SnS and (b) Cu-doped SnS, 

where dotted vertical line indicates the Fermi level.[230] 

3.2  Details of Experiments 

3.2.1  MBE Growth of SnS Thin Films 

As introduced in previous chapters, the MBE technique is an ultra-high vacuum 

technique, which can be utilized to produce high quality and high purity layers with 

abrupt interfaces. In our work, a MBE system consisted of a load lock chamber and a 

growth chamber where it was used to deposit SnS thin films. The two chambers were 

isolated by an UHV gate valve, which facilitated the loading of samples from load 

lock chamber to the growth chamber. To accomplish the sample loading, a magnet 

coupled transfer rod was equipped and a Balzers TMU065 turbo molecular pump, used 
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to pump the load lock chamber to create a relatively high vacuum environment. A 

cryopump, CTI Cryo Torr 8, was used to pump the growth chamber. A Hiden HAL201 

residual gas analyzer was equipped to detect the residual gasses. A 10eV RHEED 

system was equipped for in-situ surface morphology detection and growth monitoring. 

Eight ports in the bottom flange of the growth chamber were designed for loading K-

cells with source materials. Lower and upper cryo-shields were installed inside the 

growth chamber to facilitate as cold traps, which effectively suppressed the interaction 

among source materials. High purity source materials, compound SnS (99.99%) and 

metallic Cu (99.9999%), were loaded in PBN crucibles inside the K-cells. Eurotherm 

818 temperature controllers were installed to control the temperature of the K-cells, 

which were able to yield a temperature stability of 0.1 ℃. A nude ionization gauge 

controlled by a Grandville Phillips 350 Ionization Gauge Controller can monitor flux 

of the source material.  

 

The typical base pressure of a MBE system is ~2 x 10-10 torr. However, because of the 

existence of Sulfur and its high vapour pressure, decomposed from SnS compound 

source, the base pressure of our MBE system was ~1 x 10-8 torr. Hence, it is a sulfur 

rich environment inside the growth chamber, which tends to result in a sulfur rich SnS 

film. According to the reports in the literature, both p type conductivity and hole 

mobility of SnS films are improved in the circumstance of sulfur rich. Thus, although 

the vacuum pressure gets worse, electrical properties of SnS films tend to improve.  

3.2.2  Substrate Preparations and Film deposition 

Different substrates, soda lime glass, epi-ready GaAs (100) wafer and bi-layer 

graphene buffered GaAs (100) and SiO2/Si wafer were explored for the studying of 

high quality SnS film growth. Before loading into the growth chamber, the glass 

substrates were cleaned in a clean room. An ultrasonic treatment was applied on the 
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trimmed substrates in acetone and methanol to remove the possible surface 

contamination. GaAs (100) wafers, purchased from AXT, were epi-ready, thus, no 

extra cleaning process was applied. Glass and GaAs are typical 3D substrates, where 

large density of dangling bonds exists on the substrate surface. According to the 

discussion of epitaxial growth in Chapter 1, because of the existence of lattice 

mismatch and dangling bonds at the interface of glass/SnS and GaAs/SnS, the SnS 

thin film qualities should be rather poor. Since both graphene and SnS are layered 

materials possessing saturated surfaces, the novel van der Waals epitaxy can be 

realized to grow high quality SnS thin films on graphene. Meanwhile, the inert 

graphene buffer can serve as a blocking layer to alleviate the reactions between SnS 

and GaAs substrate. Due to the development of the CVD growth of large area graphene, 

as introduced in Chapter 1, graphene layers can be transferred to any substrate with 

atomically flat surfaces without serious damage. Therefore, graphene buffered GaAs 

(100) and SiO2/Si wafers were prepared for van der Waals epitaxial deposition of SnS 

thin films. 

3.2.2.1  Preparation of Graphene Buffered Substrates 

There are two major steps for the preparation of graphene buffered GaAs substrate. 

First, deposition of double layered graphene films on Cu foils (25 µm, Alfa Aesar) 

using the technique of CVD in a tube furnace. A horizontal quartz tube was evacuated 

with a Cu foil placed at a certain area by a mechanical pump. With a flow of H2/Ar 

mixture gas at a flow rate of 10 sccm and 50 sccm respectively, the quartz tube 

temperature was gradually raised and stabilized at 1000℃ for 30 minutes. Then, any 

possible Oxide layers on top of the surface of Cu foil were removed. To trigger the 

growth of the graphene layer, CH4 gas with a flow rate of 25 sccm was introduced. 

After 10 minutes of growth of the graphene layer, and in order protect the CVD growth 

graphene, the Cu foil was cooled down to room temperature under the environment of 
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H2/Ar gas. The second step is transferring the ultra-thin graphene layer onto the 

surface of GaAs (100). A thin layer of Poly-methyl methacrylate (PMMA) was spin-

coated onto the CVD grown graphene to act as physical support during the process of 

transferring. After the Cu foil was dissolved in FeCl3 solution, a PMMA coated 

graphene layer was obtained and cleaned by de-ionized water. Then the graphene layer 

was transferred onto GaAs (100) substrate and PMMA thin layer was dissolved in 

acetone leaving behind a clean graphene layer. To explore the impact of substrates on 

the graphene transferring and growth of SnS on a graphene buffer, another atomically 

flat substrate SiO2/Si was used. Due to the interference effect at the interfaces of 

graphene/SiO2/Si, graphene layers can easily be observed. Figure 3.3 (a) and (b) show 

the AFM images of graphene/GaAs and graphene/SiO2/Si respectively, from which 

atomically smooth surfaces with root mean square roughness of 1.0 nm and 1.4 nm 

are observed.  

 
Figure 3.3 AFM top view of bi-layer graphene films transferred on top of GaAs 

(100) (a) and SiO2/Si (b). 
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3.2.2.2  SnS Thin Films Deposition  

Fresh prepared substrates were loaded into the MBE chamber for SnS growth. The 

substrates were trimmed into 1cm × 1cm squares and bonded onto 3 inch Si wafer 

using liquid Ga metal as an adjacent material, which ensured an even temperature 

distribution across the substrates. Then the Si wafer was loaded into the sample holder 

and transferred into the growth chamber by the transfer arm, which is a common 

configuration in MBE system. After deposition, substrates could easily be removed 

from the Si wafer, since Ga metal is in liquid form while the temperature gets higher 

than ~30℃. This is the reason why we don’t use the commonly used In metal as 

adjacent material. The melting point of In metal at atmosphere is ~220℃. Thus, to 

remove the substrates from the Si wafer after growth of SnS, the temperature of 

substrates have to be raised to 220℃. Under such a high temperature the SnS thin 

films can probably react with Oxygen in air.  

 

The rate of temperature raising and decreasing, both substrate and K-cells, were set at 

10℃/min to avoid any thermal shock. Prior to the deposition, the temperature of 

substrate and K-cells were stabilized at ~20 degrees higher than the growth 

temperature for 10min outgassing. Then, deposition started after the temperature 

stabilized at growth temperature for 10 min. To study the electrical properties of SnS 

thin films, Cu has been used as an extrinsic dopant. Cu-doped SnS films were 

fabricated by co-evaporation of SnS compound and Cu metal. To suppress the 

formation of new phases, such as CuS, very small amounts of Cu were incorporated 

into the SnS matrix by precisely controlling the Cu source temperature.  
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3.3  Results and Discussion 

In this section, the growth parameters for obtaining high quality SnS thin films, such 

as substrate temperatures, K-cell temperatures, are studied. The as-grown SnS films 

were characterized by SEM (top view and cross-sectional view), XRD (both θ/2θ and 

θ/ω scan) and Raman processes. Optical and electrical properties are optimized. 

3.3.1  Optimization of Growth Temperature  

To optimize the growth temperature, systematic investigations on the substrate 

temperature have been performed, which varies from 100℃ to 400℃. Both soda lime 

glass and GaAs (100) are prepared as substrates, on which SnS thin films are deposited 

in the same growth round to minimize the uncertainty of substrate temperature. It is 

observed that SnS cannot be deposited at substrate temperature higher than 400℃, due 

to the serious re-evaporation from substrate. It’s worth noting that the temperature 

readings of the thermal couple are normally 20~30 degrees higher than the real 

temperature. 

 

Top view and cross-sectional view SEM images of SnS films deposited on glass and 

GaAs (100) are shown in Figure 3.4 and Figure 3.5 respectively. It can be observed 

the crystallinity of SnS films is very sensitive to the substrate and the growth 

temperature. For SnS films grown at 100℃ and 200℃ on both glass and GaAs 

substrates, small grains and amorphous layers are observed. While SnS films 

deposited at 300℃ and 400℃ on glass substrate show much larger and randomly 

oriented flake-like grains, which implies a poor interface quality. Although SnS film 

deposited at 300℃ on GaAs (100) shows similar flake-like grains and rough surface 

as that deposited on glass substrate, much larger grains and a much smoother surface 

are observed from SnS film grown on GaAs (100) at 400℃. Thus, comparing with 
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glass substrate, GaAs (100) is a better substrate for obtaining high quality SnS thin 

films, which may result from the smoother substrate surface and/or relatively better 

lattice match at the interface. Meanwhile, growth temperature should be kept at 400℃ 

for better crystallization, which is also better for suppressing the formation of other tin 

based phases.  
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 Figure 3.4 SEM top view and cross-sectional view of SnS grown on glass at 400℃ 

(a) and (e); 300℃ (b) and (f); 200℃ (c) and (g) and 100℃ (d) and (h). 
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 Figure 3.5 SEM top view and cross-sectional view of SnS grown on GaAs (100) at 

400℃ (a) and (e); 300℃ (b) and (f); 200℃ (c) and (g) and 100℃ (d) and (h). 
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The above results show the typical SnS films obtained in literature, which can be 

classified as 3D growth indicating a strong interaction between 2D material SnS and 

3D substrates. Thus, to realize 2D van der Waals Epitaxial growth, a 2D substrate is 

required. Then, graphene buffered GaAs (100) is used as substrate to deposit SnS films 

at the optimal growth temperature (400℃).  

 

Figure 3.6 shows the typical SEM image of SnS films deposited on graphene buffered 

GaAs (100), which shows much larger grains compared with that of the deposits on 

glass. Meanwhile, abrupt interface and lateral layers are observed from Figure 3.6 (b) 

indicating a 2D epitaxial growth at the initial growth stage. However, vertical flakes 

are observed when SnS film thickness gets larger than ~0.7µm, which might be due to 

the impact of grain boundaries and wrinkles inside the graphene layer. A rough surface 

can be observed in Figure 3.6 (a) and (b), which results in a gray color of SnS thin 

films. Since the CVD grown graphene layers are polycrystalline layer, SnS crystallites 

may tend to migrate and be captured at the defects of graphene grain boundaries. With 

the growth develop, randomly oriented SnS grains originated from graphene grain 

boundaries emerge. Another possible reason for the formation of vertical flakes is the 

merging of SnS grains with different lateral orientations. Although the van der Waals 

epitaxial growth ensures the vertical epitaxial growth, the lateral orientations of SnS 

grains maybe out of control.  
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 Figure 3.6 SEM top view (a) and cross-sectional (b) view of SnS thin films 

deposited on graphene buffered GaAs (100) at 400℃. 

 

SnS films deposited at 400℃ on different substrates are characterized by XRD θ/2θ 

scans and rocking curve scans, as shown in Figure 3.7 and Figure 3.8 respectively. 

The XRD spectra, y axis in log scale, are vertically shifted, in Figure 3.7, for better 

observation. Based on the XRD θ/2θ scan results, the crystallinity of SnS films 

deposited at optimal temperature (400℃) are sensitive to substrate. Several weak 

peaks, belonging to SnS, are observed in the XRD spectrum recorded from SnS grown 
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on glass. In the contrast, only two peaks (much stronger) corresponding to (040) and 

(080) planes of SnS at 2θ = 31.89o and 66.55o respectively can be observed from SnS 

films grown on GaAs (100). Meanwhile, the XRD spectrum, recorded from SnS films 

deposited on graphene coated GaAs (100), exhibits similar results as that obtained 

from SnS films grown on GaAs (100), but much stronger SnS reflection peaks are 

observed indicating a preferred orientation along [010]. The above results are 

consistent with the SEM results: graphene coated GaAs (100) is the best substrate for 

the deposition of high quality SnS films.  

 
 Figure 3.7 XRD spectra of θ/2θ scan on SnS thin films deposited at 400℃ on glass 

(red line), GaAs(100) (blue line) and graphene buffered GaAs (100) (black line). 
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 Figure 3.8 XRD spectra recorded by rocking curve scan for the (040) plane of SnS 

films deposited on glass (solid squares), GaAs (100) (open squares), graphene/GaAs 

(open triangles) and graphene/SiO2/Si (solid circles). 

 

Since SnS (040) reflection is the strongest one in all XRD spectra, rocking curve scans 

of (040) reflections are studied, as shown in Figure 3.8. For better observation, all the 

rocking curves are normalized to the same intensity. A very broad rocking curve 

related to SnS grown on glass indicated by solid squares demonstrates an SnS film of 

rather poor crystallinity. Significant improvement in the SnS crystallinity is observed 

from the rocking curve of SnS films grown on GaAs (100) represented by open squares, 

of which the FWHM are identified at 2.96o. This result is comparable to that reported 

by Boonsalee et al, who deposited SnS films on top of single crystal gold substrate. 

Further improvement in the SnS film crystallinity is obtained from the SnS films 

deposited on graphene coated GaAs (100), which exhibits a rocking curve of FWHM 

of ~0.37o represented by open triangles. It is consistent with the results of SEM and 

XRD θ/2θ scan as introduced above. Practical devices can be fabricated by using a 
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high quality SnS thin film. Similar narrow HXRD rocking curves, FWHM of 0.37o, 

represented by solid circles, are observed from SnS films deposited on graphene 

coated SiO2/Si, which implies that the high crystallinity of SnS epitaxial layers 

probably result from the weak interaction between graphene and SnS.  

 

According to the above results, [010] is the preferred orientation when SnS films are 

deposited on both GaAs (100) and graphene. For better understanding of the impact 

of the substrate, interface models of SnS plane (010) on GaAs plane (001) and SnS 

plane (010) on graphene are sketched and shown in Figure 3.9 (a) and (b) respectively, 

where lattice constants taken from literature are used. As shown in Figure 3.9 (a), S 

atoms in the SnS plane (010) and As atoms in the GaAs plane (001) are coloured 

yellow and red respectively. By rotating and shifting the SnS plane (010) on top of the 

GaAs plane (001), SnS [100] direction alignment on the GaAs [110] direction is found 

to possess larger numbers of coincident points than any other orientation. The 

distances between neighbouring S atoms along the [100] direction and the [001] 

direction are 3.987Å and 4.334Å, respectively. Combining with the distance of 

neighbouring As atoms (4.000Å), lattice mismatches of -0.26% and 8.42% are 

determined along SnS [100] and [001] direction, respectively. SnS plane (010) 

alignment on graphene is analyzed using a similar technique as shown in Figure 3.9 

(b), where black and yellow balls represent C atoms and S atoms respectively. Since 

graphene exhibits 6 fold symmetry and the SnS (100) plane shows rectangular 

arrangement, the alignment between the SnS plane (100) and graphene is much more 

complicated than that between the SnS and GaAs. Repeating units of the SnS plane 

(100) and graphene consist of 2 S atoms and 12 C atoms respectively, as shown in 

Figure 3.9 (b). The lattice mismatches along the SnS [100] and [001] directions are 

determined to be 8.08% and 1.74% respectively. Hence, the lattice mismatch of SnS 

on graphene is much larger than that of SnS on GaAs (100). SnS films with better 
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quality obtained on graphene should not be attributed to having better interface 

alignment, but instead should be recognized for their excellent tolerance of lattice 

mismatches between two layered materials. 

 

 

 Figure 3.9 Schematic images of interlayer models of (a) SnS/GaAs (100) and (b) 

SnS/graphene respectively. As atoms and S atoms in Figure 3.9(a) are colored red 

and yellow respectively. C atoms and S atoms in Figure 3.9(b) are colored black and 

yellow respectively. 
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3.3.2  Optical Properties  

To study the optical properties of un-doped SnS thin films, transmission and reflection 

spectra ranging from 300 nm to 2500 nm are measured using a Hitachi U-4100 

Spectro-photometer system. SnS thin films deposited on glass and graphene covered 

GaAs (100) were prepared. Film thicknesses (~1µm) were measured by Alpha-Step. 

SnS films grown on graphene/GaAs can easily be exfoliated and transferred onto glass 

because of the weak interactions among the interfaces of SnS/graphene/GaAs(100). 

To accomplish the transferring of SnS thin films, appropriate amounts of wax are 

melted on the glass at a temperature of 110℃. Then, the SnS layer is gently pressed 

onto the melting wax whilst avoiding the formation of air bubbles in to form a structure 

of glass/wax/SnS/graphene/GaAs. After the entire structure cools down to room 

temperature, the SnS thin films can be transferred onto glass by carefully removing 

the GaAs wafer. Figure 3.10 is the picture of the exfoliated SnS thin film, where a 

mirror like surface is observed indicating an abrupt interface. 

 
Figure 3.10 Exfoliated SnS thin film supported by glass. SnS surface observed in this 

picture is the bottom of SnS film deposited on graphene/GaAs. 
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Because of the strong interaction between SnS and GaAs (100), the exfoliation 

technique cannot be used to transfer SnS films from GaAs (100) substrates to 

transparent substrates. Both glass and wax are highly transparent at a wide spread 

range of photon wavelengths. However, there is still a small amount absorption 

corresponding to the wax/glass substrates. Thus, to eliminate the impact of glass and 

wax, wax coated glass and pure soda lime glass are used as reference during the 

measurement of the transmission and reflection spectra. Based on the results of 

transmission, reflection and SnS thin film thickness, the absorption coefficient α of 

SnS is determined, as shown in Figure 3.11 (a). A large value of absorption 

coefficient, >1×104cm-1, near the band edge of SnS (1.3eV) is observed. Equation (1.4) 

shows that there is a linear dependent relation between α2 and incident photon 

energy, ℎν, in the direct band gap material. Meanwhile, Equation (1.6) exhibits a linear 

dependent relation between α1/2 and incident photon energy in indirect transition. 

Since both direct and indirect transition of SnS are reported in the literature, (αℎν)2 vs 

ℎν and (αℎν)1/2 vs ℎν are plotted, as shown in Figure 3.11 (b) and (c), to determine 

the values of direct and indirect band gap of SnS films respectively. The intersections 

between linear extrapolating lines and the horizontal 0 axis in Figure 3.11 (b) and (c) 

show an indirect band gap of 0.99eV and a direct band gap of 1.25eV, which are 

consistent with the reports in the literature. Similar results are observed on both SnS 

films grown on different substrates indicating that the optical properties of SnS are not 

sensitive to the substrate.  
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Figure 3.11 (a) Absorption coefficient of SnS thin films deposited on glass and 

graphene/GaAs. Indirect and direct band gap of SnS films are determined in (b) and 

(c), in which the dotted lines are the linear extrapolation of straight area. 
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3.3.3  Optimization of Electrical Properties 

According to the results of the first principle calculation in this Chapter, Cu might be 

an appropriate p-type dopant for SnS. Thus, systematic experiments were performed 

to study the electrical properties of SnS thin films by Cu extrinsic doping. The Cu 

doped SnS thin films were fabricated on two different substrates, GaAs(100) and 

graphene/GaAs, by co-evaporation of both Cu metal and SnS compound. Since the 

GaAs(100) substrates used in our experiments were semi-insulating with a resistivity 

of larger than 1000 ohm∙cm, the electrical properties of SnS thin films can be directly 

measured by a Bio-Rad HL 5500 Hall-effect system. For the SnS thin films deposited 

on graphene/GaAs, an exfoliation process, as introduced above, should be applied to 

expose and remove the graphene layer, because the semi-metal graphene layer can 

seriously affect the Hall measurement. To remove a graphene layer, 5 minutes N2 

plasma cleaning was applied on the deboned surfaces. To confirm the removal of the 

graphene layer on the exfoliated SnS films, Raman spectra in the range of graphene 

scattering were measured as shown in Figure 3.12. A weak D band, marker of 

graphene defect, is observed, indicating a non-perfect graphene layer. From exfoliated 

SnS layer before N2 plasma cleaning, a small bump in the graphene 2D band region 

can be observed, indicating a small amount of residual graphene on top of exfoliated 

SnS layer. After 5 minutes N2 plasma cleaning, no scattering peaks corresponding to 

graphene can be found, which indicates most residual graphene has been removed. 
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Figure 3.12 Raman spectra of CVD growth bi-layer graphene, exfoliated SnS film 

before and after N2 plasma cleaning. 

 

To study the effect of Cu doping, a set of experiments were designed in which the 

temperature of SnS source and substrate (400℃) were fixed and only the temperature 

of Cu K-cell varied. Hole concentration and hole mobility were recorded as a function 

of the Cu K-cell temperature, as shown in Figure 3.13. By varying the Cu K-cell 

temperature, the flux of Cu could be precisely controlled. Hence, a precise control of 

the hole concentration could be realized. However, it is noteworthy that with the 

amount of source material decreasing the flux of source material tends to decrease 

even at the same temperature. Thus, the experiments were accomplished in a short 

period of time without exhausting the source materials. Due to the unknown sticking 

coefficient of Cu in SnS matrix, the doping concentration of Cu inside SnS films were 

not able to be determined. For SnS films deposited on GaAs, the hole concentration, 

indicated by open squares, increased from ~3×1016cm-3 to ~4×1017cm-3 with the Cu 
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source temperature varying from 1082K to 1113K indicating a strong correlation 

between the hole concentration and the flux of Cu. Meanwhile, a maximum hole 

mobility of 25cm2/Vs, indicated by open circles in Figure 3.13, was recorded at the 

point where hole concentration equaled to ~1.4×1017cm-3. Since significant amount of 

Cu impurities were introduced into SnS films, the mechanism of scattering should be 

dominated by the impurity scattering, which result from the ionised accepter 

impurities, CuSn
-1. At a low hole concentration, holes passing by the ionised impurities 

would be deflected due to the Coulombic interaction between holes and defects. While, 

at a relatively high hole concentration, ionised impurities are shielded by holes, result 

in a weaker interaction between holes and defects. Thus, the increasing of hole 

mobility with hole concentration (lower than 1.4×1017cm-3) can be attributed to the 

screening effect, by which the probability of Coulombic scattering gets reduced. 

Further increase in the hole concentration may introduce a serious lattice distortion in 

SnS, since the ionic radius of Cu and Sn are different. The lattice distortion may lead 

to a high level defect density, which act as trap centers for holes. Meanwhile, at a high 

hole concentration, the effect of carrier-carrier scattering on the mobility cannot be 

neglected, which results in a decline of mobility. Thus, a reduction in the hole mobility 

was observed. Similar phenomenon were obtained from doping profile of Silicon.[231] 

Similar experiments were accomplished to get the doping profile of SnS films grown 

on graphene/GaAs. Hole concentration (ranging from ~1016cm-3 to 6×1017cm-3) and 

hole mobility were represented by solid squares and circles as a function of Cu source 

temperature. A maximum hole mobility of 81 cm2/Vs is observed, which is about 3 

times larger than that of SnS on GaAs. The improvement of the hole mobility of SnS 

on graphene should be attributed to the substantial improvement on crystallinity of 

SnS thin films. 
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Figure 3.13 Doping profile of SnS thin films grown on both GaAs and 

graphene/GaAs. Hole concentration of SnS:Cu on GaAs and graphene/GaAs are 

represented by open and solid squares. Hole mobility of SnS:Cu on GaAs and 

graphene/GaAs are represented by open and solid circles. 

 

If similar doping profiles of n-type SnS thin films on graphene can be accomplished 

and the formation of vertical flakes on the surface can be avoided, one can 

straightforwardly expect a high performance SnS homojunction photovoltaic cell. 

Hence, much effort has been made to deposit n-type SnS films. Group V elements in 

the periodic table, Bi and Sb, might be the best candidates for n-type dopants, based 

on the outer electron configurations. However, the conductivity of SnS films cannot 

be converted from native p-type to n-type by extrinsic Bi or Sb doping, but 

significantly be reduced at a low doping concentration. Further increasing the doping 

concentration results in a formation of impurity phases of n-type conductivity, such as 

Bi2S3, Sb2S3. Thus n-type SnS thin films cannot be fabricated by coevaporation of the 

SnS compound and Bi (Sb) metal, which might be due to the rather ineffective 

interaction between the SnS compound and Bi (Sb) metal dopant.  
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3.3.4  Stress in SnS Thin films 

To study the stress in the SnS films and the effects of exfoliation, Raman spectra were 

measured using a back scattering arrangement from as-grown and exfoliated SnS films 

by Raman spectroscopy (HORIBA, HR800). An excitation laser source with a 

wavelength of 488nm and a spot size of 1µm were used. Four unique Raman peaks, 

located at 96, 160, 189 and 220 cm-1, were observed in Figure 3.14. The peak at 160 

cm-1 corresponds to the phonon of B3g mode; where the other three peaks, located at 

96, 189 and 220 cm-1, belong to the phonon of Ag mode, which is in close agreement 

with reports in bulk SnS materials indicating a fully relaxed SnS layer. The result 

should be attributed to the weak interaction between SnS and graphene. Meanwhile, 

the location and the spreading of each peak have no change after exfoliation and 

plasma cleaning of SnS thin films, indicating a strain-free process. 

 

Figure 3.14 Raman spectra of as-grown SnS on graphene/GaAs and exfoliated SnS 

films. 
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Stress in two different SnS films, SnS/graphene, SnS/GaAs, were analyzed by XRD 

spectra, as shown in Figure 3.15. Two different XRD curves were calibrated by GaAs 

(100) reflection, corresponding to the sharp peaks at 31.65o. Two broaden peaks 

corresponding to SnS (040) reflection from SnS/graphene and SnS/GaAs were 

observed at 31.89o and 32.00o respectively, indicating lattice constant of 11.21Å and 

11.17Å along the b axis. The XRD results show the SnS film on graphene is fully 

relaxed, while SnS film directly grown on GaAs is strained.  

 

Figure 3.15 log scale XRD spectra of θ/2θ scan on SnS thin films deposited at 400℃ 

on GaAs(100) (red line) and graphene buffered GaAs (100) (black line) in the range 

of SnS (040) reflection. (The discontinue background lines result from the noise.) 

3.4  Summary 

Substantial improvement on the crystallinity of SnS thin films were realized by 

introducing a graphene buffer layer between SnS and atomic flat substrates. By using 
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this novel technique, a reduction of rocking curve FWHM of SnS (040) plane from 

2.98o to 0.37o was obtained. The crystallinity improvement was confirmed by top view 

and cross-sectional view SEM images. CASTEP simulation revealed that Cu was a 

good p-type dopant for SnS, which was demonstrated by systematic studies of Cu 

doped SnS thin films by coevaporation of Cu metal and SnS compound. By carefully 

adjusting the flux of Cu, hole concentration could precisely be controlled from 

~1×1016cm-3 to ~6×1017cm-3. Maximum hole mobility of 81cm2/Vs was observed at 

hole concentration of 1.2×1017cm-3. To further improve the crystallinity of SnS thin 

films and alleviate the formation of vertical flakes on the surface, higher quality 

graphene layers with less density of wrinkles and defects were required. N-type SnS 

thin film were unable to be realized by coevaporation of SnS compound and Bi (Sb) 

metal. 
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CHAPTER 4  GROWTH 

MECHANISUM OF TIN MONOSULFIDE 

THIN FILMS  

According to the previous results, crystallinity of SnS thin films deposited on graphene 

buffered GaAs are much better than that of SnS grown directly on GaAs (100). 

Meanwhile, because of the weak interaction at the interface, SnS thin films deposited 

on graphene/GaAs can easily be mechanically exfoliated. In contrast, SnS films grown 

directly on GaAs (100) exhibit much stronger interaction at the interface and cannot 

be exfoliated. The above results imply the growth mechanism of SnS thin films on 

GaAs and graphene/GaAs are 3D epitaxial growth and 2D van der Waals epitaxial 

growth, respectively. In this Chapter, first principle simulation and experimental 

investigation are performed for a fundamental understanding of the SnS growth 

mechanism. The bond length disorder and binding energies at the interfaces of 

SnS/GaAs and SnS/graphene are studied by theoretical modeling. TEM cross-

sectional images of SnS/GaAs and SnS/graphene/SiO2/Si are observed.  XRD phi 

scans and top view HRTEM are applied to identify the SnS growth orientation. Trap 

density of van der Waals epitaxial growth SnS thin films are studied by low-frequency 

noise measurement. 

4.1  Theoretical Investigation on SnS Growth 

Mechanism 

4.1.1  First Principle Simulation of Interface Interactions 

The interface interactions of SnS/GaAs(100) (2D/3D system) and SnS/graphene 

(2D/2D system) were studied using the VASP with a projector augmented wave (PAW) 
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method.[232-234] It is reported that the dispersion interactions of the van der Waals 

force can be well described by using PBE wave functions and C6 coefficients from 

local density approximation (LDA).[235-237] Since SnS consists of unit layers held 

together by van der Waals force, the exchange-correlation functional was described 

by the LDA. The energy cut-off was set at 450eV. The convergence in force was 

chosen to be 0.05eV/Å to optimize the constructed structure.  

 

To construct the interface model of SnS/GaAs (100), six atomic layers of GaAs and 

one unit layer of SnS (two atomic layers) were combined together with SnS (010) 

plane parallel to GaAs (001) plane, as shown in Figure 4.1. Hydrogen atoms saturated 

the dangling bonds of Ga atoms at the bottom of the structure. A super cell with lateral 

dimensions of 39.57Å × 3.96 Å was established to reduce the strains inside both SnS 

and GaAs (<2.3%). To avoid the unphysical interactions between periodic images, a 

vacuum region with a thickness of ~12Å was introduced. The Brillouin Zone was 

sampled by a 1 × 8 × 1 Monkhorst-Pack mesh k-points grid. Similarly, single layer 

graphene plus one unit layer of SnS with a ~12Å thick vacuum region was constructed 

as the model of SnS/graphene interface. To reduce the strains in both SnS and 

graphene, a super cell with lateral dimensions of 4.26Å × 27.06Å was established. 

The Brillouin Zone was sampled by a 10 × 2 × 1 Monkhorst-Pack mesh k-points 

grid. The optimized structures of interfaces of SnS/GaAs(100) and SnS/graphene are 

shown in Figure 4.1 (a) and (b), respectively. Serious distortion and chemical bonds 

are observed at the interface of SnS/GaAs(100), while at the interface of SnS/graphene 

no distortion and chemical bonds are observed. In Figure 4.1 (b), an abrupt interface 

with a distance of 3.22Å between SnS and graphene atomic layers is shown, which is 

consistent with the experimental results. 
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 Figure 4.1 First principle calculated results of SnS/GaAs(100) (a) and 

SnS/graphene (b) interfaces. The white circles identified the chemical bonds at the 

interface of SnS/GaAs(100). 

 

To quantitatively study the interfacial distortion of SnS, the bond-disorder factor, ∆Χ, 

were calculated, which was defined as: 

ΔΧ = √
∑ (

𝑏𝑖−𝑏0
𝑏0

)2𝑛
𝑖

𝑛−1
 × 100%,      (4.1) 

where 𝑏𝑖 is the bond length of Sn-S in the optimized system, 𝑏0 is the bond length 

of Sn-S in the unstrained system and n represents the total number of Sn-S bonds. The 

bond-disorder factors of SnS in the SnS/GaAs(100) system and the SnS/graphene 

system were determined at 9% and 0.8% respectively, which clearly demonstrates a 

much more relaxed SnS film on graphene compared with that on GaAs(100). 

Meanwhile the strength of interfacial adhesion was characterized by the work of 

adhesion, Wad, which was defined as: 

𝑊𝑎𝑑 = (𝐸𝑆𝑛𝑆 + 𝐸𝑆𝑢𝑏 − 𝐸𝑡𝑜𝑡)/A,     (4.2) 
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where 𝐸𝑆𝑛𝑆 is the energy of SnS unit layer, 𝐸𝑆𝑢𝑏 is the energy of substrate and 𝐸𝑡𝑜𝑡 

is the total energy of the system. The work of adhesion of SnS films on GaAs (100) 

and graphene were determined to be 0.52J/m2 and 0.16J/m2, respectively, indicating a 

much weaker interaction at the interface of SnS/graphene. Because of the weak 

interaction, SnS thin film on graphene, in Figure 4.1 (b), shows little to no distortion, 

which results in a better crystallinity. The results of interface model simulation are in 

good agreement with our observation on SnS films grown on GaAs (100) and graphene 

in Chapter 3.  

4.1.2  First Principle Simulation of Lateral Growth 

Orientation of SnS on Graphene 

Although the preferred [010] orientation of SnS on graphene, perpendicular to the 

substrate surface, has been determined from previous experiments, the lateral 

orientation of SnS is not clear. To investigate the preferred lateral orientation of SnS 

on graphene, a first principle calculation on the interaction energy between SnS and 

graphene with different configurations was conducted using the VASP with PAW 

potentials. All the parameters were set identical to that used in simulation of interface 

interactions as introduced above. Putting a graphene layer with finite extent on top of 

the SnS unit layer that followed periodic boundary conditions configured the 

interaction models. The graphene layer, as shown in Figure 4.2 (a), consists of 54 

Carbon atoms; and Hydrogen atoms saturated the dangling bonds at the edge of the 

graphene layer. Interaction energy of the different configuration, graphene layer 

rotating with respect to SnS, was calculated. Because of C6v symmetry of graphene, 

the configuration repeats itself at a periodicity of 60o. Thus, 13 different configurations 

separated by 5o were studied in a range of 60o.  
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Figure 4.2 (a) Configurations of SnS/graphene interaction model with lateral 

orientation angle of 0o and 30o. (b) Relative interaction energy between SnS and 

graphene as a function of relative lateral orientation angle. 

 

The global minimum of relative interaction energy between SnS and graphene are 

found at lateral orientation angles of 0o and 60o, as show in Figure 4.2(b), of which the 

configuration is shown in Figure 4.2 (a). In this configuration, SnS [100] direction is 

aligned along the direction of graphene 〈1 1 2̅ 0〉. Despite the global minimum at 0o 

and 60o, a local minimum with slightly larger interaction energy is observed at 30o, 

indicating two kinds of preferred lateral growth orientations in a rotation range of 60o. 

Thus total 12 preferred lateral growth orientations, half of which refer to a global 

minimum and the others to a local minimum, could be expected by rotating the SnS in 

respect to the graphene in the range of 360o. 
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4.2  Details of Experiments 

MBE grown SnS thin films on GaAs (100) and graphene/SiO2/Si were prepared by 

using the optimal growth conditions discovered in Chapter 3, where substrate 

temperature equals to 400℃ . To investigate the interface of SnS/GaAs(100) and 

SnS/graphene, cross-sectional HRTEM images and SAD patterns were acquired. A 

conventional sample preparation process, as introduced in Chapter 2, was performed. 

TEM samples of sandwich structures as illustrated in Figure 2.10 were prepared, 

where a mixture of G1 and G2 epoxy in the center protected SnS thin films. It was 

noteworthy that relatively low power Ar+ ion beams and less milling time should be 

used in the ion milling process, because the SnS material was relatively soft and more 

volatile compared with the semiconductor substrate.  

 

To study the in-plane of SnS films grown on graphene, a Rigaku SmartLab HXRD 

equipped with a four bounce (2 2 0) monochromator, 9kw rotating anode Cu Kα 

radiation source, and four circle translational capability was used, by which spectra of 

XRD phi scan were measured. For the understanding of the initial growth stage of SnS 

on graphene, ultra-thin layers of SnS (<10nm) were prepared in the MBE system by 

the precise control of the SnS compound source temperature and growth time. Then, 

the SnS ultra-thin layers were mechanically exfoliated, as described in Chapter 3, and 

released onto Copper grid for TEM observation by dissolving wax inside acetone.  

 

A simple resistive device consists of SnS thin film deposited on mica and e-beam 

deposited Au ohmic contact was fabricated for low frequency noise measurement. The 

resistive device was biased by an all-passive voltage source and placed inside an 

exchange gas cryostat using liquid nitrogen as cryogen. A Lakeshore 91C temperature 

controller precisely controlled the temperature of the device. The Lakeshore 91C 
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current supply to the heater was filtered by an all passive RLC filter. A Stanford 

Research SR570 low-noise current amplifier was used to amplify the signal of current 

fluctuation. To reduce the extraneous noise, all the equipment was placed inside a 

shielded room, including the cryostat, passive biasing circuit and the low-noise current 

preamplifier. A HP3561A dynamic signal analyzer was used to measure the noise 

power spectral density.  

4.3  Results and Discussions 

4.3.1  Interfacial Cross-Sectional TEM Images 

The interfaces of SnS/GaAs(100) and SnS/graphene/SiO2/Si were observed by 

HRTEM, as shown in Figure 4.3 and Figure 4.4. An amorphous layer of ~5nm thick, 

as shown in Figure 4.3 (a), between crystalline SnS film and GaAs(100) substrate is 

observed from the SnS/GaAs(100) sample. Randomly oriented small SnS crystallites, 

indicated by red circles, are identified inside the amorphous region, which is in 

excellent agreement with the simulation results as shown in Figure 4.1 (a). Serious 

interactions between SnS and GaAs significantly interrupt the epitaxial growth of SnS 

and introduce a strong strain inside SnS layer, which results in an amorphous layer at 

the initial growth stage. With the growth, highly oriented SnS crystals along [040] are 

observed, which may result from an atomically smooth and dangling bonds free 

surface of amorphous layer.    
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Figure 4.3 (a) Cross-sectional HTEM image of SnS on GaAs(100) where randomly 

oriented small SnS crystallites are identified and indicated by red circles. SAD 

patterns are observed at the interface region (b) and pure SnS region (c), 

respectively. The diffraction points are labeled by the miller index of corresponding 

planes. 

 

SAD patterns shown in Figure 4.3 (b) consist of diffraction points of both SnS and 

GaAs, in which the diffraction points corresponding to SnS plane (040) and GaAs 

plane (200) locate very close to each other indicating a similar value of lattice spacing. 

The lattice constant of SnS along the b axis (parallel to growth orientation) is identified 

at 11.205Å, which is consistent with the XRD results shown in the previous Chapter. 

It is noted that there is a slight difference between the orientations of SnS film and 

GaAs (100) substrate, which may result from the formation of amorphous layers at the 

interface. Figure 4.3 (c) shows the SAD pattern of pure SnS film, from which 

diffraction points corresponding to planes perpendicular to growth orientation can be 
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observed. While diffraction points corresponding to planes parallel to the growth 

orientation are absent, which may results from the absence of preferred lateral 

orientation of SnS on GaA (100). 

 

An abrupt interface is observed between SnS and graphene, as shown in Figure 4.4 (a). 

The two red lines represent transferred CVD growth bi-layer graphene; the green line 

indicates the initial layer of SnS on graphene. An atomic layer distance of 2.95Å 

between graphene and SnS is recorded, which is relatively smaller compared with the 

simulation result, 3.22 Å, implying a slightly stronger interaction between SnS and 

graphene in reality. SAD pattern in Figure 4.4 (b) demonstrates a good crystalline 

quality of SnS thin film. Diffraction points corresponding to SnS planes (0 4̅ 0) and 

(2 0 2) are labelled in Figure 4.4 (b) and illustrate a lattice spacing of 2.801Å and 

2.914Å, respectively. The lattice constant of SnS along the b axis is identified at 

11.204Å, which is in good agreement with previous XRD results. A slight mismatch 

between SnS growth orientation [040] and Si [100] direction is observed, which may 

result from the amorphous SiO2 layer. SnS planes belonging to the group of <2 0 2> 

are clearly observed indicating a good crystallinity along the direction of [1 0 1].  
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Figure 4.4 (a) Cross-sectional HTEM image of SnS/graphene/SiO2/Si. Inset is the 

magnified image of the interface identified by a black square. (b) SAD pattern at the 

interface. 
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4.3.2  Lateral Orientations of SnS Films on Graphene 

4.3.2.1  XRD Phi Scan 

The high crystallinity along the SnS growth orientation is confirmed by the cross-

sectional image of HRTEM. To investigate the preferred lateral growth orientation of 

SnS on graphene, a XRD phi scan of SnS plane (160) reflection is carried out. 

According to the SAD pattern of SnS on graphene in Figure 4.4 (b), the vertical growth 

orientation of SnS is slightly different from that of Si substrate. Thus, in the operation 

of the XRD phi scan, prior to the measure of the phi scan spectrum of SnS plane (160) 

reflection, the growth orientation SnS film was aligned carefully along the vertical 

direction. Then, the sample was tiled ~23.3o along χ axis; a θ/2θ configuration for SnS 

(160) reflection was set and optimized. Phi scan spectrum, as shown in Figure 4.5 is 

recorded by rotating the sample around phi axis.  
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 Figure 4.5 XRD phi scan of SnS (160) reflation. 

 

Simulation results predict there should be 12 preferred lateral orientations for SnS 

grains on graphene, which would cause 12 reflection peaks in the phi scan spectrum. 

Half of the XRD peaks relate to global minimum configuration, another half of the 

peaks relate to local minimum configuration. Inset of Figure 4.5 is the full spectrum 

of XRD phi scan for SnS (160) reflection, which exhibits 6 fold symmetry (indicated 

by arrows). Different from the prediction, total 36 peaks are observed from the XRD 
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phi scan spectrum. If we only look at the 6 strongest peaks, indicated by arrows, the 

result is consistent with our simulation results as shown above. According to the 

results of simulation, two kinds of preferred lateral orientations corresponding to 

global minimum at 𝜙=0o+60o ∗ i and local minimum at 𝜙=30o+60o ∗ i are observed, 

where i is an integer ranging from -3 to +3. However, 24 additional peaks beside the 

12 predicted peaks are recorded. Careful investigation of the additional peaks will 

provide more accurate information on the growth of SnS films on CVD growth 

graphene. Thus, a partial phi scan spectrum ranging from -30o to 85o, as shown in 

Figure 4.5, is extracted for detailed analysis. In this range, two A1 peaks and two A2 

peaks corresponding to global minimum and local minimum, respectively, are 

observed, where the intensity of A1 is much larger than that of A2. This is consistent 

with the simulation results shown in Figure 4.1 (b), in which the relative interaction 

energy at local minimum is slightly higher than that at global minimum. Larger 

amount of SnS crystallites would prefer the configuration corresponding to global 

minimum. Two additional sets of XRD peaks, labelled as B and C, exhibit similar 

relationship in peaks’ location and intensity as that in set A. Each single set of peaks 

strictly follow the prediction of SnS grown on single crystalline graphene. It seems 

SnS thin film is deposited on top of polycrystalline graphene layer consist of three 

preferred orientations. It was reported by P.Y. Huang et al. that CVD growth graphene 

layers usually exhibit two or more preferred growth orientation.[238] Thus, the other 

two sets of XRD peaks, B and C, are probably resulting from the different orientations 

in the graphene. All in all, the XRD experimental results are in good agreement with 

the simulation results. 

 

In addition, the in-plane reflections of SnS film grown on GaAs(100) cannot be 

detected, which results in the inability of acquiring the XRD phi scan spectrum. Thus, 

a randomly oriented lateral orientation of SnS can be inferred, which is in good 
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agreement with the SAD pattern of pure SnS deposited directly on GaAs(100), as 

shown in Figure 4.3 (c). The lack of horizontal diffraction points can be attributed to 

a poor crystallinity along the horizontal direction, which results from the random 

distribution of SnS lateral orientation. 

4.3.2.2  HRTEM Top View of SnS Crystallites 

Grain boundaries inside ultra-thin SnS films between SnS crystallites were observed 

by HRTEM top view, as shown in Figure 4.6. Relative lateral orientation differing of 

60o and 30o between SnS crystallites are observed in Figure 4.6 (a) and (b), 

respectively. This observation is in perfect agreement with the previous discussion 

(both theoretical simulation and XRD phi scan). Two different types of grain 

boundaries are observed. One is encountering of SnS clusters with different 

orientations (Figure 4.6 a); the other is growing of one SnS cluster over another (Figure 

4.6 b).   

 
Figure 4.6 HRTEM top view of SnS crystallites with orientation difference of (a) 60o 

and (b) 30o. 
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4.3.3  Evaluation of SnS vdWEs by Low Frequency noise 

measurement 

SnS thin film crystallinity was further improved using mica as a substrate, where 

detailed experiments and results were found in ref [239]. Mica is a kind of clay mineral 

crystalized in rather complex layered structures as introduced in Chapter 1. Thus, the 

concept of van der Waals epitaxy is applicable for the growth of SnS on mica. 

Comparing with SnS films deposited on CVD graphene, SnS film on mica exhibited 

much better crystallinity along the b axis (rocking curve FWHM=0.101o) and atomic 

smooth surface. It is believed to obtain such a high quality SnS thin film on graphene, 

single crystalline graphene without wrinkles should be used. Meanwhile, the surface 

of mica and graphene show similar 6 fold symmetry. Thus SnS films grown on mica 

can be considered as the optimal films that can be grown on graphene. Based on such 

a high quality SnS film, the trap density related to the SnS grain boundaries were 

studied by Low frequency noise measurement which is a powerful technique to 

characterize the defects inside devices. 

 

Resistive SnS device were fabricated on top of insulating mica substrate, as shown in 

Figure 4.7. After a van der Waals epitaxial growth of SnS layer of 300nm thick in 

MBE chamber, gold contacts of 100nm thick were deposited on SnS layer through a 

specially designed mica mask by electron beam deposition. The dimensions of SnS 

area in between the two Au pads were designed to be 3mm × 0.250mm. The as-

grown undoped SnS thin film show p type conductivity with hole concentration 

p=4.16 × 1016cm3 and mobility 41.6cm2/Vs. The current noise power spectral 

density was measured as introduced in Chapter 2.  
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Figure 4.7 Schematic image of SnS resistive device. 

 

As introduced in Equation (2.35), the noise power spectrum of Generation-

Recombination noise corresponding to electron transition between a single trap level 

and the conduction band is a Lorentzian, 𝜏𝑇/(1 + 4𝜋2𝑓2𝜏𝑇
2), where 𝜏𝑇 indicates the 

relaxation time of the trap.[195,196] It is reported that the 1/f form noise spectrum 

could be attributed to the superposition of many Lorentzians with thermally activated 

relaxation time as given by: 

                            𝜏𝑇 = 𝜏0𝑒𝐸/𝑘𝐵𝑇,       (4.3) 

where 𝜏0 is the inverse phonon frequency, E is the activation energy of trap, 𝑘𝐵 is 

the Boltzmann constant and T is the absolute temperature. Meanwhile, an exact 1/f 

form noise spectrum could be obtained if the distribution of 𝐸𝜏 is uniform, D(𝐸𝜏)=D0. 

 

For the resistive SnS device, the random capture and emission of carriers by traps lead 

to the fluctuation of the conductivity of the device resulting in the current fluctuation. 

By applying similar analysis as the thermal activation model introduced in Chapter 2, 

the current noise power spectral density is given as: 

𝑆𝐼(𝑓) = 4(∆𝐼0)2 ∫ ∫ ∫ ∫ 𝑁𝑇(𝐸)
𝑥𝑦𝑧𝐸

𝜏

1+4𝜋2𝑓2𝜏2
𝑑𝑥𝑑𝑦𝑑𝑧𝑑𝐸,  (4.4) 

where ∆𝐼0 is the fluctuation of current, 𝑁𝑇(𝐸) is the trap density of the material and 

𝜏 is the time constant of the fluctuation process as shown in Equation (4.3). Because 

the Lorentzian in Equation (4.4), 
𝜏

1+4𝜋2𝑓2𝜏2, is a sharply peaked function of E, 𝑆𝐼(𝑓) 
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is sensitive to the traps at the Lorentzian peaks 𝐸𝑝 = −𝑘𝐵𝑇𝑙𝑛(𝜏0𝜔). Dutta et al. 

found that for non-uniform but smooth distributions of E, the power spectral density 

was of the form 1/f, where ≈1.[212, 213] According to the above discussion, by 

measuring the noise spectral density at different temperatures and frequencies, traps 

with different activation energies can be analyzed. 

 

The current noise power spectral density, SI(f), was systematically measured by 

varying the temperature ranging from room temperature to 120K at a constant bias of 

5.5V, as shown in Figure 4.8. A roughly inversely proportional relation between SI(f) 

and frequency, SI(f)∝1/ fα, is determined, where α ≈ 1. It is observed that the value of 

α varied from ~0.8 to 1.26 in accordance with the temperature decreasing from 295K 

to 120K. The results are in fully agreement with the discussion above, indicating a 

thermally activated trapping and de-trapping process.                                                   

 

 
 Figure 4.8 SI(f) vs f spectra in log-log scale measured on a resistive device of SnS 

directly grown on mica at 120K (line A), 140K (lineB), 160K (line C) and 260K 

(lineD). 
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If the 1/f noise of current fluctuations are originate from the fluctuations of mobility, 

then, the current noise power spectral density should follow the Hooge relationship, 

SI(f)/I
2=H/Nf, where N represents the total number of carriers in the device and H is 

the Hooge parameter.[240, 241] If the fluctuations in mobility result from phonon 

scattering, the Hooge parameter, H, should be ~2 × 10-3. However, the Hooge 

parameter obtained at 260K and 10Hz from SnS resistive device is found to be 0.68, 

which is about 2 orders of magnitude larger than 2×10-3, indicating the mobility 

fluctuation model is probably not right. Thus, the 1/f noise of current fluctuations 

probably result from the fluctuations in the number of the carriers,[242] which can be 

explained by the conduction mechanism in the SnS thin films. Tassis D. H. et al. 

reported that the trap density of polycrystalline semiconducting thin films near the 

Fermi level, 𝑁(𝐸𝐹), could be determine by: 

𝑆𝐼(𝜔)

𝐼2 =
𝐴(𝐺𝑘𝑇−1)2

(Ωeff𝑝)2

(𝑘𝑇)2𝑁(𝐸𝐹)

(𝐸𝐹−𝐸𝑣)𝑓
,      (4.5) 

where A represents the total interface area of grain boundaries, G is the Meyer-Neldel 

parameter, Ωeff is the effective volume of the sample, 𝑝 is the hole concentration, 

(𝐸𝐹 − 𝐸𝑣) indicates the activation energy of the trap near fermi level.[240, 242] Thus 

the Hooge parameter is proportional to both area of grain boundaries and density of 

traps. The large value of Hooge parameter observed in our SnS device indicates a 

rather high density of traps and large area of grain boundaries. Based on the previous 

HRTEM and XRD results, the high concentration of traps inside SnS thin film and the 

large density of grain boundaries probably result from the multiple preferred lateral 

orientations. 

4.4  Summary 

In this Chapter, the growth mechanism of SnS on both 3D substrate (GaAs) and 2D 

substrate (graphene) were investigated. A SnS/GaAs(100) interface of high density of 
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chemical bonds and serious lattice distortion was observed from the results of VSAP 

simulation, while the simulation results on the SnS/graphene model exhibited an 

abrupt interface with little to no strain and a distance of 3.22Å between atomic layers 

of SnS and graphene. Meanwhile the relative interaction energy of 13 different 

SnS/graphene lateral configurations were calculated and showed two kinds of 

preferred growth orientations with a periodicity of 60o. Simulation results are in 

excellent agreement with the results of HRTEM cross-sectional view, XRD phi scan 

and HRTEM top view. HRTEM cross-sectional view images of SnS/GaAs provide 

clear evidence of serious interaction between GaAs and SnS. An amorphous layer of 

~5nm thick at the interface of SnS/GaAs is observed. While an abrupt SnS/graphene 

interface with an atomic layer distance of 2.95Å was observed, it indicated a stronger 

interaction between SnS and graphene than the simulation results. Because of the 

relatively strong interaction, preferred lateral growth orientations of SnS on graphene 

were observed from XRD phi scans for SnS (160) reflection. A total of 36 lateral 

orientations of SnS on graphene were observed. Direct observation of SnS grain 

boundaries of relative 60o and 30o orientations were realized by HRTEM top view 

images. The results above imply a high density of lateral grain boundaries, which is 

confirmed by the low-frequency noise measurement.   
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CHAPTER 5  FABRICATION OF TIN 

MONOSULFIDE P-N JUNCTIONS ON 

CONVENTIONAL 3D SUBSTRATES 

According to previous results, SnS films grown on graphene show a rough surface and 

high-density traps. Meanwhile n-type conductivity of SnS films cannot be realized by 

extrinsic doping. Thus, pn junctions cannot be fabricated on such a SnS film. As 

introduced in section 1.2.6, one of the two main reasons for the poor performance of 

SnS heterojunctions is the CBO at the hetero-interface, which results in a type II 

heterojunction. To study the effect of band alignment at the interface, this chapter 

presents an experimental investigation of SnS pn junctions fabricated by direct growth 

of SnS on n-type GaN and AZO substrates. The electron affinity of AZO is found to 

be much larger than that of SnS, while, the electron affinity of GaN is reported in the 

range of 2.9eV to 3.6eV, which is even lower than the value of SnS.[243, 244] Thus, 

a type II heterojunction is expected from SnS/AZO devices, meanwhile, a type I 

heterojunction is expected from SnS/GaN devices. The n-type GaN:Si layers are 

deposited on (0001) Sapphire wafers by MOCVD in our laboratory; and AZO layers, 

deposited on glasses, are purchased from a supplier. The photovoltaic performance of 

these devices is characterized by IV curves. To learn more about the devices, SnS film 

quality was studied by the XRD and SEM; band structure diagrams at the hetero-

interfaces are studied by XPS.  

5.1  Experimental Setup 

The heterojunctions were fabricated by direct deposition of p-type SnS films on top of 

GaN or AZO substrates, trimmed into 2cm x 2cm squares, through a stainless steel 

mask, as shown in Figure 5.1. Before loading into the growth chamber, the GaN or 
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AZO substrates were cleaned in clean room. An ultrasonic treatment was applied on 

the trimmed substrates in acetone and methanol to remove possible surface 

contamination. Then, AZO samples were ready for deposition. However, for GaN 

samples, it is important to remove the surface oxides, therefore an etching process was 

applied: GaN samples were dipped in an etching solution, which consists of HCl and 

deionized (DI) water in 1:1 ratio, for 5 minutes. After etching, GaN samples were 

rinsed in running DI water for 2 minutes and then dried in filtered N2 gas blowing.  

 
Figure 5.1 (a) 3 inch diameter spring plate with two openings and eight fingers, (b) 

Stainless steel mask with four square openings (4mm x 4mm). 
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After the substrate was prepared, it was fixed in a sample holder with a mask on top 

and sandwiched by two stainless steel spring plates with fingers. Then, the substrate 

was loaded into the growth chamber through a load lock chamber. A 30-minute 

pumping of load lock chamber was required to reduce the pressure difference between 

the two chambers to open the UHV gate valve. Prior to the film growth, substrates 

were normally outgassed for 20 minutes at a temperature, which was 20~30℃ higher 

than the growth temperature. Similar outgas processes were applied while raising 

source material temperatures. The rates of temperature increasing and decreasing were 

kept at ~10℃/min. 

 

After SnS films deposition, four square heterojunction devices were formed on each 

sample. To form ohmic contact, Nickel and Aluminum pads with thicknesses of 

100nm were deposited by e-beam evaporation on p type SnS films and n type 

substrates respectively. Two kinds of masks were designed to serve the metal contact 

deposition, as shown in Figure 5.2. 

 

Figure 5.2 Schematic image of stainless steel masks for e-beam deposition of Nickel 

(a) and Aluminum (b) contact. 
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5.2  Results and Discussions 

As described above, pn junctions can easily be fabricated by direct deposition of SnS 

on n type substrates. In this section, SEM characterized qualities of SnS films and 

XRD and photovoltaic performance of the devices were studied under simulated air 

mass 1.5 illumination. For better understanding of the results, VBO and CBO of the 

heterojunctions were studied by XPS to obtain the band structure at the hetero-

interface. 

5.2.1  SnS/AZO Heterojunctions 

5.2.1.1  Optimization of Substrate Temperature And Effects of Low 

Temperature Buffer 

The electrical properties of AZO samples were characterized by a Bio-Rad HL 5500 

Hall-effect system. Electron concentration and mobility were identified to be 

~1×1017cm3 and 22 cm2/Vs respectively. Since the environment of the MBE growth 

chamber was Sulfur rich, it increased the probability of impurity phase producing, 

such as SnS2 and Sn2S3. To suppress the formation of impurity phases, the substrate 

temperature was set to be higher than 200℃; and since SnS films could not be 

deposited at a very high temperature, it limited the substrate temperature to lower than 

350℃. It should be noted that all temperature value readings in the MBE system were 

typically 20~30℃  higher than the actual value. The substrate temperature was 

optimized in the range from 240℃ to 300℃. In our work, ~300nm thick SnS films 

were grown.  

 

After the fabrication of SnS/AZO heterojunction devices, an Agilent B1500A 

Semiconductor Device Analyzer obtained the I-V curves under dark and solar 
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illumination (1.5 air mass), which then was used to characterize the photovoltaic 

properties, as shown in Figure 5.3. Black and red lines are the I-V curve measured 

from device deposited at 270℃ under dark and solar illumination respectively. It is a 

typical result of SnS/AZO devices, which shows little to no rectifying characteristics. 

The results are consistent to that of other research groups, which might be due to the 

rough surface of the ZnO substrate, as shown in Figure 5.4 (a). 

 

Figure 5.3 IV curves of SnS/AZO pn junction under dark (red line) and solar 

illumination (red line). 

 

Figure 5.4 (a) shows a rough surface and small grain size (<0.3µm) of AZO film, 

which implies a high defect density at the grain boundaries. On such a rough surface, 

the deposited SnS film, as shown in Figure 5.4 (b), exhibits similarly poor surface 

quality, small grain size and lots of pinholes. Thus, a rather poor hetero-interface is 

formed, where high density of defects can be expected to significantly reduce the 

minority carrier lifetime. Under this circumstance, the photo generated electron-hole 

pairs will recombine at the interface before getting separated by build-in voltage. Thus, 

it is reasonable to observe the I-V curve shown in Figure 5.3. Figure 5.4 (c) shows less 

density of pinholes. 
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Figure 5.4 SEM top view of (a) AZO substrate, (b) MBE growth SnS film on AZO 

at 270℃ and (c) SnS films grown on buffered AZO substrate at 270℃. 

 

The growth temperature varied from 200℃ to 270℃ to optimize the film quality. 

However, poor qualities of SnS films are confirmed by the XRD θ/2θ scan, as shown 

in Figure 5.5. Peaks located at 34.3o and 72.4o belong to (002) and (004) reflections of 

AZO substrate. The broad bump at ~25o should be attributed to the reflection of glass. 

Other weak peaks belong to the reflection of SnS, which have no change while varying 

the growth temperature, indicating no preferred growth orientation. A slight increase 
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of intensity of the (111) reflection of SnS at 270℃ can be observed, which implies 

better crystallinity. Combined with the SEM results, it is confirmed that SnS films 

consist of randomly oriented small grains. 

 

Figure 5.5 XRD results of SnS films deposited on AZO at different temperature. 

 

To reduce the density of pinholes, a low temperature SnS buffer layer was deposited 

before the deposition of SnS at a higher temperature. When depositing a thin layer of 

SnS buffer, the temperature of substrate and SnS compound source were kept at 80℃ 

and 430℃ respectively. After 1 minute of deposition of SnS low temperature buffer, 

the substrate temperature was raised to the growth temperature at a rate of 10℃/min. 

Thus, the device structure was glass/AZO/SnS buffer/SnS (from bottom to top), and 

metal contacts were made at the topside. Devices were fabricated and characterized 

by following up the exact process as introduced above. The growth temperature of 

SnS films varied from 240℃ to 300℃, from which the I-V curves are measured, as 

shown in Figure 5.6. 
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Figure 5.6 IV curves of AZO/SnS buffer/SnS devices, where SnS buffer was 

deposited at 80℃, and upper SnS films were grown at (a) 240℃, (b) 270℃ and (c) 

300℃. Red and black lines indicate I-V curves obtained under solar illumination and 

dark respectively. 
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It can be observed from Figure 5.6 that devices fabricated at 270℃ and 240℃ exhibit 

rectifying behaviour, which should be attributed to the low temperature SnS template. 

However, devices grown at 300℃ showed no significant improvement compared 

with the device without a low temperature buffer. Thus, the amorphous SnS buffer 

layer might be able to alleviate the serious lattice mismatch at the interface and thermal 

expansion difference between SnS and AZO, which results in a hetero-interface with 

fewer defect density. Meanwhile, it can be observed from the SEM images that there 

are lots of pinholes inside the SnS films directly grown on AZO substrate. Thus, the 

top contact Ni pad might be able to directly reach the AZO substrate to cause a short 

circuit, which results in ohmic resistor like IV curves. By introducing a thin layer of 

low temperature SnS, the AZO substrate can be fully covered by the amorphous SnS 

layer, which can significantly suppress the probability of a short circuit. The 

characteristic properties of the devices, Voc, Isc and efficiency, are listed in Table 1. 

Although the photovoltaic performance has been significantly improved by 

introducing a low temperature buffer, the efficiencies of such devices are rather poor 

(η<0.089%), which are mainly limited by the small Voc rather than Isc. A fairly high 

short circuit current, Isc=12.75mA, is obtained on devices fabricated at 270℃, which 

implies the affect of interface defects is not too serious to obtain a high performance 

solar cell. The limited open circuit voltage, Voc, might be due to a low build-in voltage, 

since the electron affinity of ZnO is much larger than that of SnS, which implies a 

poor band alignment. Thus, XPS experiments are conducted for obtaining the VBO 

and CBO at the hetero-interface to determine the band diagram of SnS/AZO devices. 

 

  



147 

 

Table 5.1 Effects of SnS deposition temperature 

5.2.1.2  AZO/SnS band alignment 

To study the AZO/SnS band alignment, typical XPS measurements as introduced in 

previous chapters were conducted. Clean surfaces of AZO substrates, SnS films and 

hetero-interfaces were prepared to obtain the XPS spectra, which were shown in 

Figure 5.7 (a), (b) and (c) respectively. C 1s calibrated all XPS spectra. Inside each 

figure, the inset shows the leading edge of the XPS spectrum. In Figure 5.7 (a), the 

significant density of states (DOS) near the Fermi Level (FL) can be attributed to the 

localized impurity band due to a high concentration of Al impurity. In Figure 5.7 (b) 

and (c), due to the spin-orbit splitting, two states, Sn 4d3/2 and Sn 4d5/2, with relative 

intensity 1:2 are observed. Equation (2.58) is applied to determine the VBO at the 

hetero-interface of AZO/SnS: 

∆𝐸𝑣 = (𝐸𝑍𝑛 3𝑑 − 𝐸𝑣
𝐴𝑍𝑂) − (𝐸𝑆𝑛 4𝑑5/2

− 𝐸𝑣
𝑆𝑛𝑆) − (𝐸𝑍𝑛 3𝑑

𝑖 − 𝐸𝑆𝑛 4𝑑5/2

𝑖 ), (2.59) 

where 𝐸𝑍𝑛 3𝑑 and 𝐸𝑆𝑛 4𝑑5/2
 are the binding energy of Zn 3d (equals to 10.06eV) and 

Sn 4d5/2 (equals to 24.49eV) at surface respectively, 𝐸𝑍𝑛 3𝑑
𝑖  𝑎𝑛𝑑 𝐸𝑆𝑛 4𝑑5/2

𝑖  are the 

binding energy of Zn 3d (equals to 10.37eV) and Sn 4d5/2 (equals to 24.64eV) at 

interface respectively, 𝐸𝑣
𝐴𝑍𝑂 and 𝐸𝑣

𝑆𝑛𝑆  are VBM of AZO (=2.49eV) and SnS (=-

0.13eV) respectively. Thus ∆𝐸𝑣 = 2.78eV. Since band gaps of AZO and SnS are 

equal to 3.4eV and 1.1eV respectively, CBO at interface equals to -0.48eV, which 

implies a small build-in voltage. Using the values of VBO and CBO, the energy band 

diagram at the interface is determined and shown in Figure 5.8. It clearly indicates that 

SnS growth T (℃) Voc (V) Isc (mA) FF (%) Efficiency (%) 

240 0.007 0.21 ~25 ~3.7x10-3 

270 0.028 12.75 24.9 0.089 

300 0 0 0 0 
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the SnS/AZO device is a type II heterojunction, which is consistent with the results 

reported in the literature. The rather low Voc should be due to the type II 

heterojunction. The relatively large Isc should be attributed to a barrier free hetero-

interface, as shown in Figure 5.8. 
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Figure 5.7 XPS spectra of AZO free surface (a), MBE grown SnS free surface (b) 

and AZO/SnS interface (c). VBM and core level binding energy are indicated. 
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Figure 5.8 Energy band diagram of AZO/SnS heterojunction 

5.2.2  SnS/GaN Heterojunctions 

5.2.2.1  Optimization of Substrate Temperature 

Si doped GaN layers were deposited on Sapphire substrate by MOCVD. Electrical 

properties of GaN films were measured by a Bio-Rad HL 5500 Hall-effect system. An 

electron mobility of ~300cm2/vs and an electron concentration of 3x1017 cm-3 were 

obtained. Rectifying behaviours were obtained in all devices fabricated by direct 

deposition of SnS on GaN. A typical IV curve is shown in Figure 5.9. Compared with 

SnS/AZO devices, the reverse saturating current (~50uA/cm2) is much smaller, which 

indicates a much better device. 



151 

 

 

Figure 5.9 Typical IV curves of SnS/GaN device. Red and Black lines represent IV 

curve recorded under AM 1.5 illumination and dark. Inset is magnified IV curve 

illustrating the Voc and Jsc. 

 

The effect of substrate temperature was studied by measuring the energy conversion 

efficiency of devices fabricated at different substrate temperatures. Detailed 

information, Voc, Jsc and FF, are listed in Table 5.2. SnS thin films growth 

temperature varied from 240 ℃ to 320 ℃, and the best devices, similar as that of 

SnS/AZO, were obtained at 270 ℃. Despite the strong rectifying behaviour and low 

reverse saturation current, the energy conversion efficiency is rather low (<0.154%). 

Different from SnS/AZO devices, the performance of SnS/GaN devices is mainly 

limited by the low Jsc (<0.99mA/cm2). There are two possible reasons for the low Jsc. 

One is high density of defects at the hetero-interface. These can serve as recombination 

centers for photo generated electron hole pairs. The other reason is a large positive 

CBO at the hetero-interface can block the flowing of minority carries. Thus XRD and 
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XPS measurements are conducted to obtain the film quality of SnS and band alignment 

of SnS/GaN respectively. 

 

Table 5.2 Effects of SnS deposition temperature 

5.2.2.2  SnS/GaN band alignment 

Typical XRD spectra, θ/2θ and rocking curve scan, of SnS grown on GaN at 270 ℃ 

are illustrated in Figure 5.10 (a) and (b), respectively. Two sets of peaks related to 

GaN and Al2O3 are indicated. The rest peaks are character reflections of SnS. Same as 

the SnS films grown on AZO, no preferred orientation is observed. However, the peak 

intensity is much larger than that of SnS grown on AZO. The rocking curve of SnS 

reflection at ~32o, with FWHM of 2.86o, corresponding to SnS (040) plane, is recorded 

and shown in Figure 5.10 (b). Meanwhile, due to the weak X-ray reflection, the 

rocking curve cannot be obtained on SnS films deposited on AZO. Thus film quality 

of SnS deposited on GaN is much better than that of SnS grown on AZO. It is 

reasonable to assume a better quality of interface; therefore, the relative much lower 

Jsc may not result from the interface defects, but from the poor band alignment. 

 

SnS growth T (℃) Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%) 

240 0.304 0.51 47.73 0.074 

270 0.336 0.99 46.43 0.154 

320 0.289 0.51 44.67 0.066 
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Figure 5.10 XRD θ/2θ scan (a) and rocking curve scan (b) of SnS deposited on GaN. 

 

To observe the band alignment between SnS and GaN, free surfaces of SnS and GaN, 

ultra-thin layers of SnS (3 different thickness) on GaN are prepared. Thickness of one 

ultra-thin SnS layer is measured by AFM (~8.4nm), as shown in Figure 5.11 (a) and 

(b). Thickness of the other two SnS ultra-thin layers is calculated by proportional 
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estimation as a function of the growth time (4.2nm and 1.4nm). Atomic smooth 

surfaces of both SnS and GaN are observed. Root mean square roughness of SnS and 

GaN are 1.74 nm and 0.257 nm respectively. XPS spectra of GaN, SnS free surface 

and SnS ultra-thin films on GaN are measured and shown in Figure 5.11 (a), (b) and 

(c) respectively.  
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Figure 5.11 (a) AFM image of ultra thin SnS (left side) and GaN (right side), (b) step 

height of SnS layer. 

 

From Figure 5.12 (a) and (b), core level Sn 4d5/2 and Ga 3d are found at 24.43eV and 

19.79eV respectively. Insets locate the VBM of SnS and GaN at -0.24eV and 2.35eV 

respectively. Figure 5.12 (c) is the comparison of XPS spectra near core level Sn4d 
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and Ga 3d recorded from free surface of SnS, GaN and SnS/GaN interfaces. The 

curves are vertically shifted for easier observation. Vertical blue dotted lines are 

guidelines for the peak shifting. It can be observed that with the thickness of SnS films 

decreasing, an extra emission emerges in the range of core level Sn 4d, which 

corresponds to the interface SnS. Blue and red doublets are drawn to represent bulk 

SnS and interface SnS respectively. When SnS thickness reduces to lower than 4.2nm, 

the emission of interface SnS (red doublet) gets stronger than that of bulk SnS. Thus, 

a blue shift (~1.0eV) of Sn 4d emission is confirmed. A similar blue shift of core level 

Ga 3d is recorded at interface GaN. By substituting the values measured above into 

Equation (2.58), the VBO of 1.80eV at the interface of SnS/GaN is determined. 

Combine the VBO with band gap values of SnS and GaN from literature, the CBO of 

+0.50eV is calculated. Then the energy band diagram of SnS/GaN heterojunction is 

drawn and shown in Figure 5.13. The large positive CBO is indicated as 𝛥𝐸𝐶
𝑆𝑛𝑆 𝐺⁄ 𝑎𝑁

, 

which acts as a barrier for the flowing of photo-generated electrons from p-SnS to n-

GaN. Because of the existence of the large barrier, photo generated electrons are 

blocked at the interface, where the defects become recombination centers. Since the 

lattice mismatch at the interface is significant and randomly oriented SnS grains are 

observed from the XRD, the density of interface defects cannot be neglected. 

Therefore, a great number of photo-generated electrons tend to recombine before 

being ejected to the GaN side, which results in a low short circuit current density, Jsc.  
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Figure 5.12 XPS spectra of free-surface of GaN (a) and SnS (b). Insets show the 

spectra near FL, which determine the VBM. (c) core level of Sn 4d and Ga 3d at the 

interface. 
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Figure 5.13 Schematic image of energy band diagram of SnS/GaN heterojunction. 

 

To confirm the effect of interface barrier, a photo response experiment was conducted 

to measure the sensitivity of SnS/GaN devices with respect to different wavelengths 

of illumination sources, as shown in Figure 5.14. A monochromic light source ranging 

from 300nm to 1600nm was used to illuminate the device and values of photocurrent 

were recorded under different reverse bias. It is clear that the device is not sensitive to 

photon energy lower than 3.4eV under all biased conditions. The response 

significantly increases once the photon energy gets higher than the band gap of GaN 

(3.4eV). With the increasing of absolute value of bias, responses are improved. The 

above results fully agree with the analysis on band alignment. Photo generated 

electrons on the SnS side recombine at the interface, thus no photo current can be 

recorded. While photo generated holes on the GaN side can easily be pumped into SnS 

side by build-in voltage, there exists no barrier at the interface for the flowing of holes 

from GaN to SnS. Thus, unfortunately the nominal absorber SnS cannot provide 

photocurrent by absorbing photon energy. The nominal window layer GaN provides 
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photocurrent by absorbing energy in the ultraviolet range, which results in small Jsc. 

Thus, the SnS/GaN pn junctions exhibit a potential of being used as UV photo-detector. 

 

Figure 5.14 Photo responsivity of SnS/GaN devices under 0 bias (black) and reverse 

bias. 

5.3  Summary 

SnS based pn junctions were fabricated by direct depositing of SnS thin films on n-

type substrates, GaN and AZO, by MBE. Although high purity SnS sources and ultra-

high vacuum environments were used, the power conversion efficiency was rather low 

(<0.12%). To explore the reasons for the poor device performance, results of XRD, 

SEM, AFM and XPS were studied. Both poor film quality and mismatch in the 

electron affinity between SnS and AZO were identified, which were consistent to the 

reports in the literature. For SnS/GaN devices, an electron barrier results from the large 

CBO (+0.5eV), which blocked the flowing of photo-generated electrons from SnS to 

GaN. However, the flowing of photo-generated holes from GaN to SnS was not 

affected, since no barrier existed at the interface. The response spectra of SnS/GaN 
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devices clearly demonstrated a strong photosensitivity in the UV range. Thus the 

SnS/GaN devices are feasible for the application of a UV detector.  
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CHAPTER 6  CONCLUSIONS AND 

SUGGESTIONS FOR FUTURE WORK 

Tin monosulfide was a two-dimensional compound material. The primary aims were 

to improve the SnS thin film quality by a novel van der Waals epitaxial growth in an 

MBE system. Substantial improvements on the crystallinity of SnS thin films along 

the growth orientation [010] were realized by introducing a graphene buffer layer 

between SnS and atomic flat substrates. By using this novel technique, a reduction of 

the rocking curve FWHM of SnS (040) plane from 2.98o to 0.37o was obtained. The 

crystallinity improvement was confirmed by top view and cross-sectional view SEM 

images. Up to now, the SnS based pn junction devices were fabricated by using native 

p-type SnS thin films. To optimize the electrical properties (hole concentration, hole 

mobility) of SnS thin films, p-type extrinsic dopants were studied. CASTEP 

simulation revealed that Cu was a good p-type dopant for SnS, which was confirmed 

by systemic studies of Cu doped SnS thin films by the coevaporation of Cu metal and 

SnS compound. By carefully adjusting the flux of Cu, hole concentration could 

precisely be controlled from ~1×1016cm-3 to ~6×1017cm-3. Maximum hole mobility 

of 81cm2/Vs was observed at hole concentration of 1.2×1017cm-3. Despite the great 

improvement in the grain size of SnS, vertical flakes on the surface of SnS thin film 

was observed, which could seriously affect the performance of the devices fabricated 

on such a surface. Meanwhile, N-type SnS thin film was found unable to be realized 

by coevaporation of SnS compound and Bi (Sb) metal. Only a significant reduction of 

the p-type conductivity was observed. 

 

The growth mechanism of SnS on both 3D substrate (GaAs) and 2D substrate 

(graphene) were investigated. A SnS/GaAs(100) interface of high density of chemical 

bonds and serious lattice distortion was observed from the results of VSAP simulation. 
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While the simulation results on SnS/graphene model exhibited an abrupt interface with 

little to no strain and a distance of 3.22Å between atomic layers of SnS and graphene. 

Meanwhile the relative interaction energy of 13 different SnS/graphene lateral 

configurations were calculated and showed two kinds of preferred growth orientations 

with a periodicity of 60o. Simulation results are in excellent agreement with the results 

of HRTEM cross-sectional view, XRD phi scan and HRTEM top view. HRTEM 

cross-sectional view image of SnS/GaAs interface showed an amorphous layer of 

~5nm thick, which is a clear evidence of serious interaction between GaAs and SnS. 

Small randomly oriented SnS clusters were observed inside the amorphous layer. 

While abrupt SnS/graphene interface with atomic layer distance of 2.95Å was 

observed, indicating a stronger interaction between SnS and graphene than the 

simulation results. Lateral growth orientations of SnS on graphene were observed from 

XRD phi scan for SnS (160) reflection, which was believed results from the weak van 

der Waals interactions. A total 36 lateral orientations of SnS on graphene were 

observed implying a high density of grain boundaries. Direct observation of SnS grain 

boundaries of relative 60o and 30o orientations were realized by HRTEM top view 

images. To investigate the trap density inside SnS films, which consists large density 

of grain with 12 preferred lateral orientations, low-frequency noise measurements 

were conducted on SnS resistive devices. Based on the thermal activation model for 

low-frequency excessive noise, the Hooge parameter obtained at 260K and 10Hz was 

found to be 0.68, which was much larger than the value obtained on common 

electronic devices, ~2×10-3, indicating a rather high trap density inside the SnS 

material. 

 

SnS based pn junctions were fabricate by directly depositing of SnS thin films on n-

type substrates, GaN and AZO, in MBE system. IV curves were studied under dark 

and solar illumination (1.5 air mass), which showed rather low power conversion 
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efficiency (<0.12%). To explore the reasons for the poor device performance, results 

of XRD, SEM, AFM and XPS were studied. Both poor film quality and mismatch in 

the electron affinity (type II heterojunction) between SnS and AZO were identified, 

which were consistent to the reports in literature. For SnS/GaN devices, an electron 

barrier results from the large CBO (+0.5eV) was detected, which blocked the flowing 

of photo-generated electrons from SnS to GaN. However, the flowing of photo-

generated holes from GaN to SnS was not affected, since there existed no barrier for 

photo-generated holes at the interface according to the energy band diagram. In 

addition, the Responsivity spectra of SnS/GaN devices clearly demonstrated a strong 

photo-sensitivity in the UV range. Thus the SnS/GaN devices are feasible for the 

application of UV detector. 

 

Based on above discussion, high crystallinity along SnS [010] orientation can be 

observed on SnS films grown on graphene resulting from the weak van der Waals 

force by which large lattice mismatch can be tolerated. However, because of the weak 

van der Waals interaction, there exists 12 preferred lateral orientations for SnS on 

single crystal graphene. Since the CVD graphene is polycrystalline with two to three 

preferred lateral orientations, 36 preferred lateral orientations are discovered in SnS 

films deposited on CVD graphene. Thus, to further improve the crystallinity of SnS 

thin films and alleviate the formation of vertical flakes on the surface, higher quality 

graphene layers with less density of wrinkles and defects are required. In addition, to 

suppress the formation of other 24 SnS orientations, large area single crystal graphene 

is required. To further reduce the SnS lateral orientations, 2D substrates which possess 

similar 2 fold symmetry as SnS are required.  

  



164 

 

REFERENCES 

[1] S. Shafiee and E. Topal, "When will fossil fuel reserves be diminished?," 

Energy Policy, vol. 37, pp. 181-189, 2009. 

[2] M. K. Hubbert, Nuclear energy and the fossil fuels: Shell Development 

Company, Exploration and Production Research Division Houston, TX, 1956. 

[3] W. B. Stine and R. W. Harrigan, Solar Energy Systems Design: A Computer 

Based Approach: Wiley, 1985. 

[4] C. Riordan and R. Hulstron, "What is an air mass 1.5 spectrum?," in 

Photovoltaic Specialists Conference, 1990., Conference Record of the Twenty 

First IEEE, 1990, pp. 1085-1088. 

[5] R. Hulstrom, R. Bird, and C. Riordan, "Spectral solar irradiance data sets for 

selected terrestrial conditions," Solar Cells, vol. 15, pp. 365-391, 1985. 

[6] R. A. Rohde, "Solar Radiation Spectrum," Global Warming Art. 

[7] R. Hahn and B. Seraphin, "Thick semiconductor films for photothermal solar 

energy conversion," Journal of Vacuum Science and Technology, vol. 12, pp. 

905-908, 1975. 

[8] W. F. Bogaerts and C. M. Lampert, "Materials for photothermal solar energy 

conversion," Journal of materials science, vol. 18, pp. 2847-2875, 1983. 

[9] D. Chapin, C. Fuller, and G. Pearson, "A new silicon p‐n junction photocell 

for converting solar radiation into electrical power," Journal of Applied 

Physics, vol. 25, pp. 676-677, 1954. 

[10] "Solar Cell Structure," http://pveducation.org/pvcdrom/solar-cell-

operation/solar-cell-structure. 

[11] R. S. Ohl, "Light-sensitive electric device," United States Patent 2402662, 

1946. 

http://pveducation.org/pvcdrom/solar-cell-operation/solar-cell-structure
http://pveducation.org/pvcdrom/solar-cell-operation/solar-cell-structure


165 

 

[12] J. Scaff and R. Ohl, "Development of silicon crystal rectifiers for microwave 

radar receivers," Bell System Technical Journal, vol. 26, pp. 1-30, 1947. 

[13] R. Y. Sah, R. N. Noyce, and W. Shockley, "Carrier generation and 

recombination in pn junctions and pn junction characteristics," Proceedings of 

the IRE, vol. 45, pp. 1228-1243, 1957. 

[14] P. M. Fahey, P. Griffin, and J. Plummer, "Point defects and dopant diffusion 

in silicon," Reviews of modern physics, vol. 61, p. 289, 1989. 

[15] P. M. Chaikin and T. C. Lubensky, Principles of condensed matter physics vol. 

1: Cambridge Univ Press, 2000. 

[16] M. C. Scharber, D. Mühlbacher, M. Koppe, P. Denk, C. Waldauf, A. J. Heeger, 

et al., "Design rules for donors in bulk‐heterojunction solar cells—Towards 

10% energy‐conversion efficiency," Advanced Materials, vol. 18, pp. 789-

794, 2006. 

[17] M. A. Green, Solar cells : operating principles, technology, and system 

applications Englewood Cliffs, N.J: Prentice-Hall, 1982. 

[18] D. K. Schroder, Semiconductor material and device characterization: John 

Wiley & Sons, 2006. 

[19] M. E. Levinshtein, S. L. Rumyantsev, and M. S. Shur, Properties of Advanced 

Semiconductor Materials: GaN, AIN, InN, BN, SiC, SiGe: John Wiley & Sons, 

2001. 

[20] M. P. Marder, Condensed matter physics: John Wiley & Sons, 2010. 

[21] J. M. Essick and R. T. Mather, "Characterization of a bulk semiconductor’s 

band gap via a near‐ absorption edge optical transmission experiment," 

American Journal of Physics, vol. 61, pp. 646-649, 1993. 

[22] J. I. Pankove, Optical processes in semiconductors: Courier Dover 

Publications, 2012. 



166 

 

[23] G. Macfarlane, T. McLean, J. Quarrington, and V. Roberts, "Fine structure in 

the absorption-edge spectrum of Si," Physical Review, vol. 111, p. 1245, 1958. 

[24] M. A. Green, Third generation photovoltaics: Springer Berlin Heidelberg, 

2003. 

[25] C. Wadia, A. P. Alivisatos, and D. M. Kammen, "Materials availability 

expands the opportunity for large-scale photovoltaics deployment," 

Environmental Science & Technology, vol. 43, pp. 2072-2077, 2009. 

[26] A. Niv, Z. R. Abrams, M. Gharghi, C. Gladden, and X. Zhang, "Overcoming 

the bandgap limitation on solar cell materials," Applied Physics Letters, vol. 

100, p. 83901, 2012. 

[27] D. E. Carlson and C. R. Wronski, "Amorphous silicon solar cell," Applied 

Physics Letters, vol. 28, pp. 671-673, 1976. 

[28] A. W. Blakers, A. Wang, A. M. Milne, J. Zhao, and M. A. Green, "22.8% 

efficient silicon solar cell," Applied Physics Letters, vol. 55, pp. 1363-1365, 

1989. 

[29] M. Yamaguchi, "III–V compound multi-junction solar cells: present and 

future," Solar energy materials and solar cells, vol. 75, pp. 261-269, 2003. 

[30] A. Bett, F. Dimroth, G. Stollwerck, and O. Sulima, "III-V compounds for solar 

cell applications," Applied Physics A, vol. 69, pp. 119-129, 1999. 

[31] M. Yamaguchi, T. Takamoto, K. Araki, and N. Ekins-Daukes, "Multi-junction 

III–V solar cells: current status and future potential," Solar Energy, vol. 79, pp. 

78-85, 2005. 

[32] S. Ikegami, "CdS/CdTe solar cells by the screen-printing-sintering technique: 

Fabrication, photovoltaic properties and applications," Solar Cells, vol. 23, pp. 

89-105, 1988. 

[33] J. Britt and C. Ferekides, "Thin‐ film CdS/CdTe solar cell with 15.8% 

efficiency," Applied Physics Letters, vol. 62, pp. 2851-2852, 1993. 



167 

 

[34] C. W. Tang, "Two‐layer organic photovoltaic cell," Applied Physics Letters, 

vol. 48, pp. 183-185, 1986. 

[35] G. Chamberlain, "Organic solar cells: a review," Solar cells, vol. 8, pp. 47-83, 

1983. 

[36] A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, and H. Pettersson, "Dye-sensitized 

solar cells," Chemical reviews, vol. 110, pp. 6595-6663, 2010. 

[37] B. O’regan and M. Grfitzeli, "A low-cost, high-efficiency solar cell based on 

dye-sensitized," nature, vol. 353, pp. 737-740, 1991. 

[38] J. Zhao, A. Wang, M. A. Green, and F. Ferrazza, "19.8% efficient “honeycomb” 

textured multicrystalline and 24.4% monocrystalline silicon solar cells," 

Applied Physics Letters, vol. 73, pp. 1991-1993, 1998. 

[39] J. Chen and K. Sun, "Enhancement of the light conversion efficiency of silicon 

solar cells by using nanoimprint anti-reflection layer," Solar Energy Materials 

and Solar Cells, vol. 94, pp. 629-633, 2010. 

[40] J. G. Fossum, "Physical operation of back-surface-field silicon solar cells," 

IEEE Transactions on Electron Devices, vol. 24, pp. 322-325, 1977. 

[41] C. del Cañizo, G. del Coso, and W. C. Sinke, "Crystalline silicon solar module 

technology: Towards the 1 € per watt-peak goal," Progress in Photovoltaics: 

Research and Applications, vol. 17, pp. 199-209, 2009. 

[42] D. Ruby, S. Zaidi, S. Narayanan, B. M. Damiani, and A. Rohatgi, "RIE-

texturing of multicrystalline silicon solar cells," Solar energy materials and 

solar cells, vol. 74, pp. 133-137, 2002. 

[43] M. A. Green and M. J. Keevers, "Optical properties of intrinsic silicon at 300 

K," Progress in Photovoltaics: Research and Applications, vol. 3, pp. 189-192, 

1995. 

[44] B. Gribov and K. Zinov'ev, "Preparation of high-purity silicon for solar cells," 

Inorganic materials, vol. 39, pp. 653-662, 2003. 



168 

 

[45] P. Woditsch and W. Koch, "Solar grade silicon feedstock supply for PV 

industry," Solar energy materials and solar cells, vol. 72, pp. 11-26, 2002. 

[46] I. Repins, M. A. Contreras, B. Egaas, C. DeHart, J. Scharf, C. L. Perkins, et 

al., "19· 9%‐efficient ZnO/CdS/CuInGaSe2 solar cell with 81· 2% fill 

factor," Progress in Photovoltaics: Research and applications, vol. 16, pp. 

235-239, 2008. 

[47] T. Nakada, M. Mizutani, Y. Hagiwara, and A. Kunioka, "High-efficiency Cu 

(In, Ga) Se2 thin-film solar cells with a CBD-ZnS buffer layer," Solar energy 

materials and solar cells, vol. 67, pp. 255-260, 2001. 

[48] W. Rance, J. Burst, D. Meysing, C. Wolden, M. Reese, T. Gessert, et al., "14%-

efficient flexible CdTe solar cells on ultra-thin glass substrates," Applied 

Physics Letters, vol. 104, p. 143903, 2014. 

[49] M. de Boer and K. Lammertsma, "Scarcity of Rare Earth Elements," 

ChemSusChem, vol. 6, pp. 2045-2055, 2013. 

[50] F. Alharbi, J. D. Bass, A. Salhi, A. Alyamani, H. C. Kim, and R. D. Miller, 

"Abundant non-toxic materials for thin film solar cells: Alternative to 

conventional materials," Renewable Energy, vol. 36, pp. 2753-2758, 2011. 

[51] A. Marini, P. García-González, and A. Rubio, "First-principles description of 

correlation effects in layered materials," Physical review letters, vol. 96, p. 

136404, 2006. 

[52] G. Centi and S. Perathoner, "Catalysis by layered materials: A review," 

Microporous and mesoporous materials, vol. 107, pp. 3-15, 2008. 

[53] A. K. Geim and I. V. Grigorieva, "Van der Waals heterostructures," Nature, 

vol. 499, pp. 419-425, 2013. 

[54] Y. Shi, W. Zhou, A. Y. Lu, W. J. Fang, Y. H. Lee, A. L. Hsu, et al., "Van der 

Waals epitaxy of MoS2 layers using graphene as growth templates," Nano 

letters, vol. 12, pp. 2784-2791, 2012. 



169 

 

[55] A. Koma, "Van der Waals epitaxy—a new epitaxial growth method for a 

highly lattice-mismatched system," Thin Solid Films, vol. 216, pp. 72-76, 1992. 

[56] U. Khan, A. O'Neill, M. Lotya, S. De, and J. N. Coleman, "High ‐

Concentration Solvent Exfoliation of Graphene," Small, vol. 6, pp. 864-871, 

2010. 

[57] M. Pumera, "Electrochemistry of graphene: new horizons for sensing and 

energy storage," The Chemical Record, vol. 9, pp. 211-223, 2009. 

[58] B. F. Machado and P. Serp, "Graphene-based materials for catalysis," 

Catalysis Science & Technology, vol. 2, pp. 54-75, 2012. 

[59] A. Yaya, B. Agyei-Tuffour, D. Dodoo-Arhin, E. Nyankson, E. Annan, D. 

Konadu, et al., "Layered Nanomaterials-A Review," Global Journal of 

Engineering Design and Technology, vol. 1, pp. 32-41, 2012. 

[60] S. M. Auerbach, K. A. Carrado, and P. K. Dutta, Handbook of layered 

materials: CRC Press, 2004. 

[61] N. Iyi, K. Fujii, K. Okamoto, and T. Sasaki, "Factors influencing the hydration 

of layered double hydroxides (LDHs) and the appearance of an intermediate 

second staging phase," Applied clay science, vol. 35, pp. 218-227, 2007. 

[62] A. K. Geim and K. S. Novoselov, "The rise of graphene," Nature materials, 

vol. 6, pp. 183-191, 2007. 

[63] B. B. Zvyagin and S. Lyse, Electron-diffraction analysis of clay mineral 

structures: Plenum Press New York, 1967. 

[64] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, 

"Electronics and optoelectronics of two-dimensional transition metal 

dichalcogenides," Nature nanotechnology, vol. 7, pp. 699-712, 2012. 

[65] H. Z. DerenáYang, "Large-scale synthesis of ultrathin hexagonal tin disulfide 

nanosheets with highly reversible lithium storage," Chemical Communications, 

vol. 47, pp. 1270-1272, 2011. 



170 

 

[66] J. Zhang, Z. Peng, A. Soni, Y. Zhao, Y. Xiong, B. Peng, et al., "Raman 

spectroscopy of few-quintuple layer topological insulator Bi2Se3 

nanoplatelets," Nano letters, vol. 11, pp. 2407-2414, 2011. 

[67] C. Dean, A. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, et al., "Boron 

nitride substrates for high-quality graphene electronics," Nature 

nanotechnology, vol. 5, pp. 722-726, 2010. 

[68] R. E. Grim and R. E. Grim, Applied clay mineralogy: McGraw-Hill New York, 

1962. 

[69] H. H. Murray, "Overview—clay mineral applications," Applied Clay Science, 

vol. 5, pp. 379-395, 1991. 

[70] T. J. Pinnavaia, "Intercalated clay catalysts," Science, vol. 220, pp. 365-371, 

1983. 

[71] B. Sawhiney, "Selective sorption and fixation of cations by clay minerals: a 

review," Clays Clay Miner, vol. 20, pp. 93-100, 1972. 

[72] Phyllosilicate Clay Minerals. Available: 

http://wiki.ubc.ca/images/d/d9/Phyllosilicate_Clay_Minerals.jpg 

[73] D. Zhang, C. H. Zhou, C. X. Lin, D. S. Tong, and W. H. Yu, "Synthesis of clay 

minerals," Applied Clay Science, vol. 50, pp. 1-11, 2010. 

[74] B. T. Kelly, Physics of graphite. United Kingdom: Applied Science, 1981. 

[75] D. Chung, "Review graphite," Journal of materials science, vol. 37, pp. 1475-

1489, 2002. 

[76] Z. Y. Rong and P. Kuiper, "Electronic effects in scanning tunneling 

microscopy: Moiré pattern on a graphite surface," Physical Review B, vol. 48, 

p. 17427, 1993. 

[77] S. Mouras, A. Hamm, D. Djurado, and J. C. Cousseins, "Synthesis of first stage 

graphite intercalation compounds with fluorides," Revue de chimie minérale, 

vol. 24, pp. 572-582, 1987. 

http://wiki.ubc.ca/images/d/d9/Phyllosilicate_Clay_Minerals.jpg


171 

 

[78] K. S. Novoselov, A. K. Geim, S. Morozov, D. Jiang, Y. Zhang, S. Dubonos, et 

al., "Electric field effect in atomically thin carbon films," science, vol. 306, pp. 

666-669, 2004. 

[79] Q. Pei, Y. Zhang, and V. Shenoy, "A molecular dynamics study of the 

mechanical properties of hydrogen functionalized graphene," Carbon, vol. 48, 

pp. 898-904, 2010. 

[80] Y. M. Lin, K. A. Jenkins, A. Valdes-Garcia, J. P. Small, D. B. Farmer, and P. 

Avouris, "Operation of graphene transistors at gigahertz frequencies," Nano 

Letters, vol. 9, pp. 422-426, 2008. 

[81] M. Pumera, "Graphene-based nanomaterials for energy storage," Energy & 

Environmental Science, vol. 4, pp. 668-674, 2011. 

[82] F. Bonaccorso, Z. Sun, T. Hasan, and A. Ferrari, "Graphene photonics and 

optoelectronics," Nature Photonics, vol. 4, pp. 611-622, 2010. 

[83] W. Strupinski, K. Grodecki, A. Wysmolek, R. Stepniewski, T. Szkopek, P. 

Gaskell, et al., "Graphene epitaxy by chemical vapor deposition on SiC," Nano 

letters, vol. 11, pp. 1786-1791, 2011. 

[84] Y. Hernandez, V. Nicolosi, M. Lotya, F. M. Blighe, Z. Sun, S. De, et al., 

"High-yield production of graphene by liquid-phase exfoliation of graphite," 

Nature nanotechnology, vol. 3, pp. 563-568, 2008. 

[85] Q. Yu, J. Lian, S. Siriponglert, H. Li, Y. P. Chen, and S. S. Pei, "Graphene 

segregated on Ni surfaces and transferred to insulators," Applied Physics 

Letters, vol. 93, p. 113103, 2008. 

[86] C. Mattevi, H. Kim, and M. Chhowalla, "A review of chemical vapour 

deposition of graphene on copper," Journal of Materials Chemistry, vol. 21, 

pp. 3324-3334, 2011. 



172 

 

[87] J. M. Wofford, S. Nie, K. F. McCarty, N. C. Bartelt, and O. D. Dubon, 

"Graphene islands on Cu foils: the interplay between shape, orientation, and 

defects," Nano letters, vol. 10, pp. 4890-4896, 2010. 

[88] J. D. Wood, S. W. Schmucker, A. S. Lyons, E. Pop, and J. W. Lyding, "Effects 

of polycrystalline Cu substrate on graphene growth by chemical vapor 

deposition," Nano letters, vol. 11, pp. 4547-4554, 2011. 

[89] X. Li, C. W. Magnuson, A. Venugopal, R. M. Tromp, J. B. Hannon, E. M. 

Vogel, et al., "Large-area graphene single crystals grown by low-pressure 

chemical vapor deposition of methane on copper," Journal of the American 

Chemical Society, vol. 133, pp. 2816-2819, 2011. 

[90] Y. Zhang, L. Zhang, and C. Zhou, "Review of chemical vapor deposition of 

graphene and related applications," Accounts of chemical research, vol. 46, pp. 

2329-2339, 2013. 

[91] A. Ferrari, J. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, et al., 

"Raman spectrum of graphene and graphene layers," Physical review letters, 

vol. 97, p. 187401, 2006. 

[92] L. Malard, J. Nilsson, D. Elias, J. Brant, F. Plentz, E. Alves, et al., "Probing 

the electronic structure of bilayer graphene by Raman scattering," Physical 

Review B, vol. 76, p. 201401, 2007. 

[93] O. Frank, M. Mohr, J. Maultzsch, C. Thomsen, I. Riaz, R. Jalil, et al., "Raman 

2D-band splitting in graphene: theory and experiment," Acs Nano, vol. 5, pp. 

2231-2239, 2011. 

[94] F. Xia, D. B. Farmer, Y. M. Lin, and P. Avouris, "Graphene field-effect 

transistors with high on/off current ratio and large transport band gap at room 

temperature," Nano letters, vol. 10, pp. 715-718, 2010. 



173 

 

[95] Z. Luo, P. M. Vora, E. J. Mele, A. C. Johnson, and J. M. Kikkawa, 

"Photoluminescence and band gap modulation in graphene oxide," Applied 

physics letters, vol. 94, p. 111909, 2009. 

[96] W. Zhang, C. T. Lin, K. K. Liu, T. Tite, C. Y. Su, C. H. Chang, et al., "Opening 

an electrical band gap of bilayer graphene with molecular doping," ACS nano, 

vol. 5, pp. 7517-7524, 2011. 

[97] F. Schwierz, "Graphene transistors," Nature nanotechnology, vol. 5, pp. 487-

496, 2010. 

[98] V. Podzorov, M. Gershenson, C. Kloc, R. Zeis, and E. Bucher, "High-mobility 

field-effect transistors based on transition metal dichalcogenides," Applied 

Physics Letters, vol. 84, pp. 3301-3303, 2004. 

[99] M. Chhowalla, H. S. Shin, G. Eda, L. J. Li, K. P. Loh, and H. Zhang, "The 

chemistry of two-dimensional layered transition metal dichalcogenide 

nanosheets," Nature chemistry, vol. 5, pp. 263-275, 2013. 

[100] B. Sipos, A. F. Kusmartseva, A. Akrap, H. Berger, L. Forró, and E. Tutiš, 

"From Mott state to superconductivity in 1T-TaS2," Nature materials, vol. 7, 

pp. 960-965, 2008. 

[101] J. Wilson and A. Yoffe, "The transition metal dichalcogenides discussion and 

interpretation of the observed optical, electrical and structural properties," 

Advances in Physics, vol. 18, pp. 193-335, 1969. 

[102] J. A. Wilson, F. Di Salvo, and S. Mahajan, "Charge-density waves and 

superlattices in the metallic layered transition metal dichalcogenides," 

Advances in Physics, vol. 24, pp. 117-201, 1975. 

[103] A. N. Enyashin, L. Yadgarov, L. Houben, I. Popov, M. Weidenbach, R. Tenne, 

et al., "New route for stabilization of 1T-WS2 and MoS2 phases," The Journal 

of Physical Chemistry C, vol. 115, pp. 24586-24591, 2011. 



174 

 

[104] D. Teich, T. Lorenz, J. O. Joswig, G. Seifert, D. B. Zhang, and T. Dumitrica, 

"Structural and electronic properties of helical TiS2 nanotubes studied with 

objective molecular dynamics," The Journal of Physical Chemistry C, vol. 115, 

pp. 6392-6396, 2011. 

[105] S. Han, H. Kwon, S. K. Kim, S. Ryu, W. S. Yun, D. Kim, et al., "Band-gap 

transition induced by interlayer van der Waals interaction in MoS2," Physical 

Review B, vol. 84, p. 045409, 2011. 

[106] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim, et al., "Emerging 

photoluminescence in monolayer MoS2," Nano letters, vol. 10, pp. 1271-1275, 

2010. 

[107] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, "Single-

layer MoS2 transistors," Nature nanotechnology, vol. 6, pp. 147-150, 2011. 

[108] G. K. Teal, "Method of producing rectifiers and rectifier material," United 

States Patent 2556711, 1951. 

[109] T. Suntola, "Atomic layer epitaxy," Thin Solid Films, vol. 216, pp. 84-89, 1992. 

[110] T. H. De Keijser, J. Langford, E. J. Mittemeijer, and A. Vogels, "Use of the 

Voigt function in a single-line method for the analysis of X-ray diffraction line 

broadening," Journal of Applied Crystallography, vol. 15, pp. 308-314, 1982. 

[111] R. Zallen, The physics of amorphous solids: John Wiley & Sons, 2008. 

[112] D. Pashley, "The study of epitaxy in thin surface films," Advances in Physics, 

vol. 5, pp. 173-240, 1956. 

[113] I. Markov and S. Stoyanov, "Mechanisms of epitaxial growth," Contemporary 

Physics, vol. 28, pp. 267-320, 1987. 

[114] Y. Chen and J. Washburn, "Structural transition in large-lattice-mismatch 

heteroepitaxy," Physical review letters, vol. 77, p. 4046, 1996. 



175 

 

[115] R. Vispute, J. Narayan, H. Wu, and K. Jagannadham, "Epitaxial growth of AlN 

thin films on silicon (111) substrates by pulsed laser deposition," Journal of 

applied physics, vol. 77, pp. 4724-4728, 1995. 

[116] R. Kukta and L. Freund, "Minimum energy configuration of epitaxial material 

clusters on a lattice-mismatched substrate," Journal of the Mechanics and 

Physics of Solids, vol. 45, pp. 1835-1860, 1997. 

[117] D. C. Gupta and R. Yee, "Silicon Epitaxial Layers with Abrupt Interface 

Impurity Profiles," Journal of The Electrochemical Society, vol. 116, pp. 1561-

1565, 1969. 

[118] V. M. Kaganer, B. Jenichen, R. Shayduk, W. Braun, and H. Riechert, "Kinetic 

optimum of volmer-weber growth," Physical review letters, vol. 102, p. 

016103, 2009. 

[119] J. H. van der Merwe and W. Jesser, "The prediction and confirmation of critical 

epitaxial parameters," Journal of applied physics, vol. 64, pp. 4968-4974, 1988. 

[120] E. Bauer and J. H. van der Merwe, "Structure and growth of crystalline 

superlattices: From monolayer to superlattice," Physical Review B, vol. 33, p. 

3657, 1986. 

[121] Y. W. Mo, D. Savage, B. Swartzentruber, and M. G. Lagally, "Kinetic pathway 

in Stranski-Krastanov growth of Ge on Si (001)," Physical Review Letters, vol. 

65, p. 1020, 1990. 

[122] B. Daudin, F. Widmann, G. Feuillet, Y. Samson, M. Arlery, and J. Rouviere, 

"Stranski-Krastanov growth mode during the molecular beam epitaxy of 

highly strained GaN," Physical Review B, vol. 56, p. R7069, 1997. 

[123] S. Xu and G. Lu, "Effect of atomic substrate surface mobility on the nucleation 

and island growth of thin films," Journal of materials science letters, vol. 13, 

pp. 1629-1631, 1994. 



176 

 

[124] Y. Lo, "New approach to grow pseudomorphic structures over the critical 

thickness," Applied physics letters, vol. 59, pp. 2311-2313, 1991. 

[125] R. Cammarata and K. Sieradzki, "Surface stress effects on the critical film 

thickness for epitaxy," Applied Physics Letters, vol. 55, pp. 1197-1198, 1989. 

[126] W. Jesser and D. Kuhlmann‐Wilsdorf, "On the theory of interfacial energy 

and elastic strain of epitaxial overgrowths in parallel alignment on single 

crystal substrates," physica status solidi (b), vol. 19, pp. 95-105, 1967. 

[127] S. Jain, A. Harker, and R. Cowley, "Misfit strain and misfit dislocations in 

lattice mismatched epitaxial layers and other systems," Philosophical 

Magazine A, vol. 75, pp. 1461-1515, 1997. 

[128] W. Kürzinger, "Silicon carbide blue-emitting diodes produced by liquid-phase 

epitaxy," Solid-State Electronics, vol. 21, pp. 1129-1132, 1978. 

[129] N. Cherief, C. D ’ Anterroches, R. Cinti, T. N. Tan, and J. Derrien, 

"Semiconducting silicide‐silicon heterojunction elaboration by solid phase 

epitaxy," Applied Physics Letters, vol. 55, pp. 1671-1673, 1989. 

[130] W. I. Park, D. Kim, S. W. Jung, and G. C. Yi, "Metalorganic vapor-phase 

epitaxial growth of vertically well-aligned ZnO nanorods," Applied Physics 

Letters, vol. 80, pp. 4232-4234, 2002. 

[131] H. Xiao, Introduction to semiconductor manufacturing technology: Prentice 

Hall Upper Saddle River, NJ, 2001. 

[132] H. O. Pierson, Handbook of chemical vapor deposition: principles, technology 

and applications: William Andrew, 1999. 

[133] D. M. Mattox, Handbook of physical vapor deposition (PVD) processing: 

William Andrew, 2010. 

[134] C. Cantalini, W. Wlodarski, Y. Li, M. Passacantando, S. Santucci, E. Comini, 

et al., "Investigation on the O3 sensitivity properties of WO3 thin films 



177 

 

prepared by sol–gel, thermal evaporation and rf sputtering techniques," 

Sensors and Actuators B: Chemical, vol. 64, pp. 182-188, 2000. 

[135] C. Pan and T. Ma, "High‐quality transparent conductive indium oxide films 

prepared by thermal evaporation," Applied Physics Letters, vol. 37, pp. 163-

165, 1980. 

[136] Y. Nakanishi, A. Miyake, H. Kominami, T. Aoki, Y. Hatanaka, and G. 

Shimaoka, "Preparation of ZnO thin films for high-resolution field emission 

display by electron beam evaporation," Applied Surface Science, vol. 142, pp. 

233-236, 1999. 

[137] K. Wasa and S. Hayakawa, Handbook of sputter deposition technology. United 

States: Noyes Publications, 1992. 

[138] M. B. Panish, "Molecular beam epitaxy," Science, vol. 208, pp. 916-922, 1980. 

[139] J. Neave, P. Dobson, B. Joyce, and J. Zhang, "Reflection high‐energy 

electron diffraction oscillations from vicinal surfaces—a new approach to 

surface diffusion measurements," Applied Physics Letters, vol. 47, pp. 100-

102, 1985. 

[140] J. Y. Tsao, Materials fundamentals of molecular beam epitaxy: Academic 

Press, 1993. 

[141] A. Cho, "How molecular beam epitaxy (MBE) began and its projection into 

the future," Journal of crystal growth, vol. 201, pp. 1-7, 1999. 

[142] S. Clarke and D. D. Vvedensky, "Origin of reflection high-energy electron-

diffraction intensity oscillations during molecular-beam epitaxy: A 

computational modeling approach," Physical review letters, vol. 58, p. 2235, 

1987. 

[143] W. Albers, C. Haas, H. Vink, and J. Wasscher, "Investigations on SnS," 

Journal of Applied Physics, vol. 32, pp. 2220-2225, 1961. 



178 

 

[144] K. Ueno, T. Shimada, K. Saiki, and A. Koma, "Heteroepitaxial growth of 

layered transition metal dichalcogenides on sulfur‐terminated GaAs {111} 

surfaces," Applied physics letters, vol. 56, pp. 327-329, 1990. 

[145] K. Y. Liu, K. Ueno, Y. Fujikawa, K. Saiki, and A. Koma, "Heteroepitaxial 

Growth of Layered Semiconductor GaSe on a Hydrogen-Terminated Si (111) 

Surface," Japanese journal of applied physics, vol. 32, p. L434, 1993. 

[146] H. Li, Z. Y. Wang, X. Kan, X. Guo, H. T. He, Z. Wang, et al., "The van der 

Waals epitaxy of Bi2Se3 on the vicinal Si (111) surface: an approach for 

preparing high-quality thin films of a topological insulator," New Journal of 

Physics, vol. 12, p. 103038, 2010. 

[147] K. Ramakrishna Reddy, N. Koteswara Reddy, and R. Miles, "Photovoltaic 

properties of SnS based solar cells," Solar energy materials and solar cells, 

vol. 90, pp. 3041-3046, 2006. 

[148] R. W. Miles, O. E. Ogah, G. Zoppi, and I. Forbes, "Thermally evaporated thin 

films of SnS for application in solar cell devices," Thin Solid Films, vol. 517, 

pp. 4702-4705, 2009. 

[149] N. Koteswara Reddy and K. Ramakrishna Reddy, "Growth of polycrystalline 

SnS films by spray pyrolysis," Thin Solid Films, vol. 325, pp. 4-6, 1998. 

[150] M. Ichimura, K. Takeuchi, Y. Ono, and E. Arai, "Electrochemical deposition 

of SnS thin films," Thin Solid Films, vol. 361, pp. 98-101, 2000. 

[151] F. Jiang, H. Shen, W. Wang, and L. Zhang, "Preparation of SnS film by 

sulfurization and SnS/a-Si heterojunction solar cells," Journal of The 

Electrochemical Society, vol. 159, pp. H235-H238, 2012. 

[152] H. Noguchi, A. Setiyadi, H. Tanamura, T. Nagatomo, and O. Omoto, 

"Characterization of vacuum-evaporated tin sulfide film for solar cell 

materials," Solar energy materials and solar cells, vol. 35, pp. 325-331, 1994. 



179 

 

[153] N. Sato, M. Ichimura, E. Arai, and Y. Yamazaki, "Characterization of 

electrical properties and photosensitivity of SnS thin films prepared by the 

electrochemical deposition method," Solar energy materials and solar cells, 

vol. 85, pp. 153-165, 2005. 

[154] D. Avellaneda, M. Nair, and P. Nair, "Photovoltaic structures using chemically 

deposited tin sulfide thin films," Thin Solid Films, vol. 517, pp. 2500-2502, 

2009. 

[155] S. Hegde, A. Kunjomana, K. Chandrasekharan, K. Ramesh, and M. Prashantha, 

"Optical and electrical properties of SnS semiconductor crystals grown by 

physical vapor deposition technique," Physica B: Condensed Matter, vol. 406, 

pp. 1143-1148, 2011. 

[156] Y. Zhang, J. Lu, S. Shen, H. Xu, and Q. Wang, "Ultralarge single crystal SnS 

rectangular nanosheets," Chemical Communications, vol. 47, pp. 5226-5228, 

2011. 

[157] D. K. Schroder, "Carrier lifetimes in silicon," Electron Devices, IEEE 

Transactions on, vol. 44, pp. 160-170, 1997. 

[158] R. F. Pierret and G. W. Neudeck, Advanced semiconductor fundamentals: 

Addison-Wesley Reading, MA, 1987. 

[159] T. Sorgenfrei, F. Hofherr, T. Jauß, and A. Cröll, "Synthesis and single crystal 

growth of SnS by the Bridgman‐Stockbarger technique," Crystal Research 

and Technology, vol. 48, pp. 193-199, 2013. 

[160] N. Mathews, H. B. Anaya, M. Cortes-Jacome, C. Angeles-Chavez, and J. 

Toledo-Antonio, "Tin sulfide thin films by pulse electrodeposition: structural, 

morphological, and optical properties," Journal of The Electrochemical 

Society, vol. 157, pp. H337-H341, 2010. 

[161] L. S. Price, I. P. Parkin, A. M. E. Hardy, R. J. H. Clark, T. G. Hibbert, and K. 

C. Molloy, "Atmospheric pressure chemical vapor deposition of tin sulfides 



180 

 

(SnS, Sn2S3, and SnS2) on glass," Chemistry of materials, vol. 11, pp. 1792-

1799, 1999. 

[162] S. Taylor, "Abundance of chemical elements in the continental crust: a new 

table," Geochimica et Cosmochimica Acta, vol. 28, pp. 1273-1285, 1964. 

[163] M. Humphries, Rare earth elements: the global supply chain: DIANE 

Publishing, 2010. 

[164] O. Lang, Y. Tomm, R. Schlaf, C. Pettenkofer, and W. Jaegermann, "Single 

crystalline GaSe/WSe2 heterointerfaces grown by van der Waals epitaxy. II. 

Junction characterization," Journal of applied physics, vol. 75, pp. 7814-7820, 

1994. 

[165] A. Koma, K. Sunouchi, and T. Miyajima, "Fabrication of ultrathin 

heterostructures with van der Waals epitaxy," Journal of Vacuum Science & 

Technology B, vol. 3, pp. 724-724, 1985. 

[166] A. Geim and I. Grigorieva, "Van der Waals heterostructures," Nature, vol. 499, 

pp. 419-425, 2013. 

[167] S. Acharya and O. N. Srivastava, "Electronic bandgap measurements of SnS2  

polytypes," physica status solidi (a), vol. 56, pp. K1-K4, 1979. 

[168] B. Thangaraju and P. Kaliannan, "Spray pyrolytic deposition and 

characterization of SnS and SnS2 thin films," Journal of Physics D: Applied 

Physics, vol. 33, p. 1054, 2000. 

[169] L. A. Burton and A. Walsh, "Phase Stability of the Earth-Abundant Tin 

Sulfides SnS, SnS2, and Sn2S3," The Journal of Physical Chemistry C, vol. 116, 

pp. 24262-24267, 2012. 

[170] R. Sharma and Y. Chang, "The S− Sn (Sulfur-Tin) system," Journal of Phase 

Equilibria, vol. 7, pp. 269-273, 1986. 



181 

 

[171] N. K. Reddy, K. Ramesh, R. Ganesan, K. R. Reddy, K. R. Gunasekhar, and E. 

Gopal, "Synthesis and characterisation of co-evaporated tin sulphide thin 

films," Applied Physics A, vol. 83, pp. 133-138, 2006. 

[172] J. Vidal, S. Lany, M. d’Avezac, A. Zunger, A. Zakutayev, J. Francis, et al., 

"Band-structure, optical properties, and defect physics of the photovoltaic 

semiconductor SnS," Applied Physics Letters, vol. 100, p. 032104, 2012. 

[173] M. Devika, N. K. Reddy, K. Ramesh, K. Gunasekhar, E. Gopal, and K. R. 

Reddy, "Low resistive micrometer-thick SnS: Ag films for optoelectronic 

applications," Journal of the Electrochemical Society, vol. 153, pp. G727-

G733, 2006. 

[174] S. Zhang and S. Y. Cheng, "Thermally evaporated SnS:Cu thin films for solar 

cells," Micro & Nano Letters, IET, vol. 6, pp. 559-562, 2011. 

[175] W. Wang, K. Leung, W. Fong, S. Wang, Y. Hui, S. Lau, et al., "Molecular 

beam epitaxy growth of high quality p-doped SnS van der Waals epitaxy on a 

graphene buffer layer," Journal of Applied Physics, vol. 111, p. 093520, 2012. 

[176] P. Sinsermsuksakul, K. Hartman, S. B. Kim, J. Heo, L. Sun, H. H. Park, et al., 

"Enhancing the efficiency of SnS solar cells via band-offset engineering with 

a zinc oxysulfide buffer layer," Applied Physics Letters, vol. 102, p. 053901, 

2013. 

[177] P. Sinsermsuksakul, L. Sun, S. W. Lee, H. H. Park, S. B. Kim, C. Yang, et al., 

"Overcoming Efficiency Limitations of SnS‐Based Solar Cells," Advanced 

Energy Materials, vol. 4, 2014. 

[178] F. Jiang, H. Shen, and J. Jiao, "Effect of the thickness on the optoelectronic 

properties of SnS films and photovoltaic performance of SnS/i-a-Si/n-a-Si 

solar cells," Applied Physics A, vol. 117, pp. 2167-2173, 2014. 



182 

 

[179] M. Sugiyama, K. Reddy, N. Revathi, Y. Shimamoto, and Y. Murata, "Band 

offset of SnS solar cell structure measured by X-ray photoelectron 

spectroscopy," Thin Solid Films, vol. 519, pp. 7429-7431, 2011. 

[180] B. Ghosh, M. Das, P. Banerjee, and S. Das, "Fabrication of the SnS/ZnO 

heterojunction for PV applications using electrodeposited ZnO films," 

Semiconductor Science and Technology, vol. 24, p. 025024, 2009. 

[181] M. Devika, N. Koteeswara Reddy, K. Ramesh, F. Patolsky, and K. Gunasekhar, 

"Weak rectifying behaviour of p-SnS/n-ITO heterojunctions," Solid-state 

electronics, vol. 53, pp. 630-634, 2009. 

[182] B. Ghosh, M. Das, P. Banerjee, and S. Das, "Fabrication of vacuum-evaporated 

SnS/CdS heterojunction for PV applications," Solar Energy Materials and 

Solar Cells, vol. 92, pp. 1099-1104, 2008. 

[183] L. A. Burton and A. Walsh, "Band alignment in SnS thin-film solar cells: 

Possible origin of the low conversion efficiency," Applied Physics Letters, vol. 

102, p. 132111, 2013. 

[184] G. Yue, Y. Lin, X. Wen, L. Wang, and D. Peng, "SnS homojunction nanowire-

based solar cells," Journal of Materials Chemistry, vol. 22, pp. 16437-16441, 

2012. 

[185] P. Sinsermsuksakul, R. Chakraborty, S. B. Kim, S. M. Heald, T. Buonassisi, 

and R. G. Gordon, "Antimony-Doped Tin (II) Sulfide Thin Films," Chemistry 

of Materials, vol. 24, pp. 4556-4562, 2012. 

[186] A. G. Manohari, S. Dhanapandian, C. Manoharan, K. S. Kumar, and T. 

Mahalingam, "Effect of doping concentration on the properties of bismuth 

doped tin sulfide thin films prepared by spray pyrolysis," Materials Science in 

Semiconductor Processing, vol. 17, pp. 138-142, 2014. 

[187] A. D. Krawitz, Introduction to diffraction in materials science and engineering: 

John Wiley & Sons, New York, 2001. 



183 

 

[188] C. Hammond, The basics of crystallography and diffraction: Oxford 

University Press Inc., New York, 1997. 

[189] U. Holzwarth and N. Gibson, "The Scherrer equation versus the Debye-

Scherrer equation," Nature Nanotechnology, vol. 6, pp. 534-534, 2011. 

[190] D. J. Dyson, X-ray and electron diffraction studies in materials science: Maney, 

U.K., 2004. 

[191] D. B. Williams and C. B. Carter, The Transmission Electron Microscope: 

Springer, 1996. 

[192] J. B. Wachtman, Characterization of Materials: Butterworth-Heinemann,  

U.S.A., 1993. 

[193] A. Papoulis, Probability, Random Variables and Stochastic Process: McGraw-

Hill, New York, 1965. 

[194] A. Van Der Ziel, Noise in Measurements: John Wiley & Sons, U.S.A., 1976. 

[195] S. Kogan, Electronic noise and fluctuations in solids: Cambridge University 

Press, 2008. 

[196] F. Hofman, R. J. J. Zijlstra, J. M. Bettencourt de Freitas, and J. C. M. Henning, 

"Generation-recombination noise in AlxGa1-xAs," Solid-State Electronics, vol. 

34, pp. 23-32, 1991. 

[197] A. D. Van Rheenen, G. Bosman, and R. J. J. Zijlstra, "Low frequency noise 

measurements as a tool to analyze deep-level impurities in semiconductor 

devices," Solid-State Electronics, vol. 30, pp. 259-265, 1987. 

[198] G. Bosman and R. J. J. Zijlstra, "Generation-recombination noise in p-type 

silicon," Solid-State Electronics, vol. 25, pp. 273-280, 1982. 

[199] A. D. Van Rheenen, G. Bosman, and C. M. Van Vliet, "Decomposition of 

generation-recombination noise spectra in separate Lorentzians," Solid-State 

Electronics, vol. 28, pp. 457-463, 1985. 



184 

 

[200] W. Shockley and W. T. Read, "Statistics of the recombinations of holes and 

electrons," Physical Review, vol. 87, p. 835, 1952. 

[201] S. H. Ng, "Low-frequency excessive Noise in resonant tunneling diodes," PhD 

Thesis, Northeastern University, Boston, Massachusetts, U.S.A., 1993. 

[202] A. Van Der Ziel, Noise: Sources, Characterization, Measurements: Prentice-

Hall, U.S.A., 1970. 

[203] F. N. Hooge, "1/f noise sources," IEEE Transactions on Electron Devices, vol. 

41, pp. 1926-1935, 1994. 

[204] F. N. Hooge, "The relation between 1/ƒ noise and number of electrons," 

Physica B: Condensed Matter, vol. 162, pp. 344-352, 1990. 

[205] P. H. Handel, "Quantum 1/f effect and the general nature of 1/f noise," AEU, 

Archiv fuer Elektronik und Uebertragungstechnik: Electronics and 

Communication, vol. 43, pp. 261-270, 1989. 

[206] A. Van Der Ziel and P. H. Handel, "Quantum partition 1/ƒ noise in pentodes," 

Physica B: Physics of Condensed Matter & C: Atomic, Molecular and Plasma 

Physics, Optics, vol. 125, pp. 286-292, 1984. 

[207] P. H. Handel, "Nature of 1 / f Phase Noise," Physical Review Letters, vol. 34, 

p. 1495, 1975. 

[208] C. M. Van Vliet, "A survey of results and future prospects on quantum 1 / f 

noise and 1 / f noise in general," Solid-State Electronics, vol. 34, pp. 1-21, 

1991. 

[209] C. Surya and T. Y. Hsiang, "A thermal activation model for 1/ƒy noise in Si-

MOSFETs," Solid-State Electronics, vol. 31, pp. 959-964, 1988. 

[210] C. Surya and T. Y. Hsiang, "Surface mobility fluctuations in MOSFETs," 

Physical review B, vol. 35, p. 6343, 1987. 



185 

 

[211] C. Surya and T. Y. Hsiang, "Theory and experiment on the 1 / f noise in p-

channel MOSFETs at low drain bias," Physical Review B, vol. 33, p. 4898, 

1986. 

[212] P. Dutta and P. M. Horn, "Low-frequency fluctuations in solids: 1 / f noise," 

Reviews of Modern physics, vol. 53, p. 497, 1981. 

[213] P. Dutta, P. Dimon, and P. M. Horn, "Energy scales for noise processes in 

metals," Physical Review Letters, vol. 43, p. 646, 1979. 

[214] A. L. McWhorter, "Technical Report Publishing of Lincoln Laboratory," PhD 

thesis, MIT, Boston, Massachusetts, U.S.A., 1955. 

[215] A. Van der Ziel and E. R. Chenette, "Noise in solid state devices," Advances 

in Electronics and Electron Physics, vol. 46, pp. 313-383, 1978. 

[216] D. A. Long, Raman spectroscopy: McGraw-Hill New York, 1977. 

[217] N. B. Colthup, L. H. Daly, and S. E. Wiberley, Introduction to infrared and 

Raman spectroscopy: Elsevier, 1990. 

[218] S. Nie and S. R. Emory, "Probing single molecules and single nanoparticles by 

surface-enhanced Raman scattering," science, vol. 275, pp. 1102-1106, 1997. 

[219] J. F. Moulder, W. F. Stickle, P. E. Sobol, and K. D. Bomben, Handbook of X-

ray photoelectron spectroscopy: Perkin-Elmer Corporation, Physical 

Electronics Division: Eden Prairie, MN,, 1992. 

[220] M. P. Seah, "The quantitative analysis of surfaces by XPS: a review," Surface 

and Interface Analysis, vol. 2, pp. 222-239, 1980. 

[221] C. Jansson, S. Tougaard, G. Beamson, D. Briggs, S. F. Davies, A. Rossi, et al., 

"Intercomparison of algorithms for background correction in XPS," Surface 

and interface analysis, vol. 23, pp. 484-494, 1995. 

[222] P. M. A. Sherwood, Auger and X-ray photoelectron spectroscopy: Chichester, 

England, 1990. 



186 

 

[223] M. Brun, A. Berthet, and J. C. Bertolini, "XPS, AES and Auger parameter of 

Pd and PdO," Journal of electron spectroscopy and related phenomena, vol. 

104, pp. 55-60, 1999. 

[224] V. K. Kaushik, "XPS core level spectra and Auger parameters for some silver 

compounds," Journal of Electron Spectroscopy and Related Phenomena, vol. 

56, pp. 273-277, 1991. 

[225] T. P. Smirnova, A. M. Badalian, L. V. Yakovkina, V. Kaichev, V. I. 

Bukhtiyarov, A. N. Shmakov, et al., "SiCN alloys obtained by remote plasma 

chemical vapour deposition from novel precursors," Thin Solid Films, vol. 429, 

pp. 144-151, 2003. 

[226] H. Bubert, S. Haiber, W. Brandl, G. Marginean, M. Heintze, and V. Brüser, 

"Characterization of the uppermost layer of plasma-treated carbon nanotubes," 

Diamond and related materials, vol. 12, pp. 811-815, 2003. 

[227] M. Morkel, L. Weinhardt, B. Lohmuller, C. Heske, E. Umbach, W. Riedl, et 

al., "Flat conduction-band alignment at the CdS/CuInSe2 thin-film solar-cell 

heterojunction," Applied physics letters, vol. 79, pp. 4482-4484, 2001. 

[228] A. A. Haleem and M. Ichimura, "Experimental determination of band offsets 

at the SnS/CdS and SnS/InSxOy heterojunctions," Journal of Applied Physics, 

vol. 107, p. 034507, 2010. 

[229] A. Schneikart, H. J. Schimper, A. Klein, and W. Jaegermann, "Efficiency 

limitations of thermally evaporated thin-film SnS solar cells," Journal of 

Physics D: Applied Physics, vol. 46, p. 305109, 2013. 

[230] W. Wang, K. K. Leung, W. K. Fong, S. F. Wang, Y. Y. Hui, S. P. Lau, et al., 

"Molecular beam epitaxy growth of high quality p-doped SnS van der Waals 

epitaxy on a graphene buffer layer," Journal of Applied Physics, vol. 111, p. 

093520, 2012. 



187 

 

[231] G. Masetti, M. Severi, and S. Solmi, "Modeling of carrier mobility against 

carrier concentration in arsenic-, phosphorus-, and boron-doped silicon," 

Electron Devices, IEEE Transactions on, vol. 30, pp. 764-769, 1983. 

[232] P. E. Blöchl, "Projector augmented-wave method," Physical Review B, vol. 50, 

p. 17953, 1994. 

[233] G. Kresse and J. Furthmüller, "Efficient iterative schemes for ab initio total-

energy calculations using a plane-wave basis set," Physical Review B, vol. 54, 

p. 11169, 1996. 

[234] G. Kresse and D. Joubert, "From ultrasoft pseudopotentials to the projector 

augmented-wave method," Physical Review B, vol. 59, p. 1758, 1999. 

[235] A. Tkatchenko and M. Scheffler, "Accurate molecular van der Waals 

interactions from ground-state electron density and free-atom reference data," 

Physical review letters, vol. 102, p. 073005, 2009. 

[236] Y. Ping, D. Rocca, and G. Galli, "Electronic excitations in light absorbers for 

photoelectrochemical energy conversion: first principles calculations based on 

many body perturbation theory," Chemical Society Reviews, vol. 42, pp. 2437-

2469, 2013. 

[237] S. Helveg, C. Lopez-Cartes, J. Sehested, P. L. Hansen, B. S. Clausen, J. R. 

Rostrup-Nielsen, et al., "Atomic-scale imaging of carbon nanofibre growth," 

Nature, vol. 427, pp. 426-429, 2004. 

[238] P. Y. Huang, C. S. Ruiz-Vargas, A. M. van der Zande, W. S. Whitney, M. P. 

Levendorf, J. W. Kevek, et al., "Grains and grain boundaries in single-layer 

graphene atomic patchwork quilts," Nature, vol. 469, pp. 389-392, 2011. 

[239] S. Wang, W. Fong, W. Wang, and C. Surya, "Growth of highly textured SnS 

on mica using an SnSe buffer layer," Thin Solid Films, vol. 564, pp. 206-212, 

2014. 



188 

 

[240] D. Tassis, C. Dimitriadis, J. Brini, G. Kamarinos, and A. Birbas, "Low-

frequency noise in polycrystalline semiconducting FeSi2 thin films," Journal 

of applied physics, vol. 85, pp. 4091-4095, 1999. 

[241] F. Hooge, T. Kleinpenning, and L. Vandamme, "Experimental studies on 1/f 

noise," Reports on progress in Physics, vol. 44, p. 479, 1981. 

[242] A. Van der Ziel, A. Van der Ziel, and A. Van der Ziel, Noise in solid state 

devices and circuits: Wiley New York, 1986. 

[243] T. Cook Jr, C. Fulton, W. Mecouch, K. Tracy, R. Davis, E. Hurt, et al., 

"Measurement of the band offsets of SiO2 on clean n-and p-type GaN (0001)," 

Journal of applied physics, vol. 93, pp. 3995-4004, 2003. 

[244] X. Wang, G. I. Koleilat, J. Tang, H. Liu, I. J. Kramer, R. Debnath, et al., 

"Tandem colloidal quantum dot solar cells employing a graded recombination 

layer," Nature Photonics, vol. 5, pp. 480-484, 2011. 

 


