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Resumo 

 

 

Esta tese de doutorado teve como objetivo construir uma base de conhecimento 

sobre a ciência e tecnologia de células solares, com foco no uso de materiais novos e 

ecologicamente corretos. A tese está dividida em duas partes. A primeira parte desenvolveu 

o uso de microscopia e espectroscopia de tunelamento de varredura (STM / STS) para 

entender o comportamento eletrônico do monossulfeto de estanho (SnS), um material 

potencial para células solares. A segunda parte construiu e caracterizou uma célula solar 

funcional com base na combinação de dois novos candidatos, GeS e SnS2. Filmes finos desses 

materiais foram facilmente produzidos por deposição de fase vapor, resultando na formação 

de semicondutores GeS tipo p e SnS2 tipo n. Uma célula solar baseada nesses dois materiais 

foi caracterizada com sucesso usando curvas J-V padrão e mostrou uma resposta de 

fotocorrente estável. Medidas de eficiência quântica mostraram que o pico de eficiência da 

célula solar está exatamente onde a eficiência das células de silício padrão diminui 

acentuadamente. Portanto, a célula solar GeS/SnS2 pode ter uso potencial como dispositivo 

complementar para produzir células solares tandem de silício. O trabalho fornece uma 

estrutura para a rápida determinação da adequação e aplicabilidade de SnS, SnS2 e GeS para 

células solares e outras possíveis aplicações optoeletrônicas. 

 

Palavras-chave Monossulfeto de estanho, dissulfeto de estanho, monossulfeto de gemânio, 

semicondutores, deposição em fase vapor, material 2D, microscopia e espectroscopia de 

tunelamento de varredura, célula solar. 



 

 

   

 

Abstract 

 

 

This PhD thesis aimed to build a knowledge basis on solar cell science and technology, 

with a focus on using environmentally friendly novel materials. The thesis is divided into two 

parts. The first part developed the use of scanning tunneling microscopy and spectroscopy 

(STM/STS) to understand the electronic behavior of tin monosulfide (SnS), a potential material 

for solar cells. The second part constructed and characterized a functional solar cell based on 

the combination of two novel candidates, GeS and SnS2. Thin films of these materials were 

easily produced by vapor phase depositon, resulting in the formation of p-type GeS and n-

type SnS2 semiconductors. A solar cell based on these two materials was successfully 

characterized using standard J-V curves and showed a stable photocurrent response. 

Quantum efficiency measurements showed that the peak of efficiency of the solar cell is 

exactly where the efficiency of standard silicon collar cells sharply decreases. Therefore, the 

GeS/SnS2 solar cell may be of potential use as a complimentary device to produce silicon 

tandem solar cells. The work provides a framework for the rapid determination of the 

suitability and applicability of SnS, SnS2 and GeS for solar cells and other potential 

optoelectronic applications. 

 

Keywords: Tin monosulfide, Tin disulfide, Gemanium monosulfide, Semiconductors, Vapor 

phase deposition, 2D material, Scanning tunneling Microscopy and Spectroscopy, Solar Cell. 
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1- Introduction 

 

The global human population reached 8 billion in  2022 and there is a forecast that 10 

billion will inhabit the Earth by the middle of this century [1]. According to this drastic increase 

in population, humanity needs to find a way to fulfill the energy demand in the near future. 

Nowadays, global energy utilization is met by traditional, non-sustainable, and mainly based 

on fossil fuels (more than 80%) [2]. This excessive usage of fossil fuels is followed by the vast 

production of CO2, resulting in climate changes and other crucial environmental and health 

issues. Alternatives to the energy demand in a more environment-friendly way are renewable 

energy sources. Among them, solar energy is one of the most important, as it is non-polluting, 

abundant, and universal. This energy can be considered renewable since it is unlimited for 

humankind’s lifespan. The Sun provides 4.6 x 1020 J of energy in one hour, which is equivalent 

to human energy consumption during a year. For comparison, 3 trillion barrels of oil contain 

the equivalent of 1.7 x 1022
 J of energy, which is provide by the Sun to the Earth in 1.5 days 

[3].  

Despite the abundance of solar energy, the current use for world electricity production 

is minimum, about 0.015% [2]! The huge gap between the potential of solar energy usage and 

our current use is due to the cost of conversion capacity. Nevertheless, the progress in the 

development of photovoltaic (PV) technologies over the recent few years is notable.  The most 

efficient solar cells based on crystalline silicon have an efficiency of 27.6% [4]. This powerful 

PV technology has left the laboratory and reached commercial applications, dominating the 

PV market. However, the production of silicon solar cells can be energy-intensive and can 

result in the emission of greenhouse gases, which can have a negative environmental impact. 

Thus, exploring alternative solar cells that are more environmentally friendly is essential in the 

quest to transition from fossil fuel usage to cleaner energy sources.  

Thin film PV technologies, particularly those with chalcogenide semiconducting 

absorbers, are a viable option to meet this requirement as they have a lower carbon footprint 

than traditional silicon solar cells. This is due to their manufacturing process, which requires 
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less energy and fewer raw materials, resulting in lower emissions.These materials can 

combine significant conversion efficiency (PCE) with efficient materials usage. Solar cells 

based on copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) have been 

extensively studied due to their promising photovoltaic properties and achieved PCEs higher 

than 20% [5]. However, there are serious limitations regarding the production and use of solar 

cells with these materials. The scarcity of gallium and indium for CIGS production and the 

toxicity of cadmium used in CdTe present an impediment for the mass production of solar cells 

based on these materials.  

Tin monosulfide (SnS), germanium monosulfide (GeS), and tin disulfide (SnS2) are 

simple binary metal chalcogenide compounds of the IV-VI family. They have recently attracted 

interest in solar cell applications since they are semiconducting materials with suitable 

electronic gaps, optical properties, and electron mobility. In addition, the elements that 

constitute these compounds are of low cost, present low toxicity, and are earth-abundant, 

making them advantageous when compared to other well-established solar cell materials 

previously mentioned. SnS has also attracted considerable interest for use in other 

optoelectronic devices, such as near infrared (NIR) detectors [6] and optical sensors [7].  

Although there are various potential applications, the primary one lies in its capacity 

to function as an absorber layer in solar cells, since SnS is a p-type semiconductor material 

with a suitable electronic bandgap (1.1–1.4 eV) [8–10]. It also presents a fairly high light 

absorption coefficient (>105 cm− 1) [11,12] and good charge carrier mobility (15 cm2⋅V− 1⋅s−1) 

[13,14]. Germanium sulfide (GeS) is also synthesized as a p-type semiconductor and exhibits 

a bandgap in the visible region (1.6 – 1.7 eV) [15–17], large light absorption coefficient (>104 

cm-1) [17], and high carrier mobility (~ 86 cm2V-1s-1) [18]. All these properties make GeS a 

promising material for tunable light emitters with the possibility of interlayer twist [19–21], 

enabling its use in visible light photodetectors [22–24] or as an absorber layer in solar cells 

[17]. Complementarily, SnS2 is an n-type semiconductor with a flexible wide-bandgap in the 

range of 1.8-2.9 eV [25–29]. SnS2 has a plethora of potential applications ranging from diodes 

[30], photodectors [31], gas sensors [32], batteries [33], supercapacitors [34], field effect 

transistors [35], and buffer layers for heterojunction solar cells [29]. The broad capabilities of 
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these materials turn them into suitable candidates for the replacement of hazardous materials 

in optoelectronic devices. 

In the present work, we have prepared two-dimensional nano-platelets of tin sulfide 

on graphite using vapor phase deposition (VPD) under a controlled temperature gradient. 

Remarkably, we observe two types of growth modes: (i) a dominant one with platelet-like flat 

crystals and (ii) a less favorable one, formed by atomically flat spiral terraces. Both structures 

present a chemical composition compatible with SnS. Using scanning tunneling microscopy 

(STM) and spectroscopy (STS), we observe that, whereas flat SnS platelets exhibit fluctuations 

in the bandgap and doping, spiral ones exhibit stable, homogeneous bandgap, and negative 

doping. The observed local electronic band gap variation and doping fluctuation of flat 

platelets may be the most significant cause of the low efficiency of SnS solar cells. In contrast, 

the spiral ones, due to its homogeneous band gap and doping, is of potential interest for the 

production of more efficient SnS-based solar cells and other optoelectronic devices.  Using 

selected area electron diffraction (SAED), we determine that, platelets exhibiting the unstable 

electronic phase are associated with the common orthorhombic structure of SnS while the 

electronically stable spiral platelets are formed by SnS in the cubic phase. The production of 

this less favorable phase on large surface areas is of potential interest for the development of 

more efficient tin sulfide-based solar cells. In addition, our analysis of solar cell materials using 

STM/STS and SAED provides a framework for the rapid determination of fundamental 

properties, as well as the suitability and applicability of materials for other potential 

optoelectronic applications. 

The second focus of this thesis is on GeS that was deposited by PVD as a top layer of a 

structure composed of indium tin oxide (ITO) covered by SnS2. The solar cells produced using 

these materials and gold/ITO as contacts have resulted in stable solar cells. Solar simulator 

measurements provided a framework for the photovoltaic properties of this heterostructure 

prototype. The density of current versus voltage (J-V) curves present no hysteresis for 

different light intensities and time-dependent photocurrent response. This was recorded by 

alternating bright and dark conditions with AM 1.5G illumination, indicating the high stability 

of the device. Remarkably, our solar cells present a better quantum efficiency (QE) compared 
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to the diminished response exhibited by crystalline silicon (c-Si) solar cells, which will be 

further illustrated in chapter 6. Our results consist of a proof-of-principle of a prototype 

environmentally friendly solar cell made of two cost-effective binary green compounds. 

Therefore, the GeS/SnS2 solar cell may be of potential use as a complementary device to 

produce silicon tandem solar cells. 

This thesis covers various aspects related to solar cell technology and emerging 

materials for solar cell applications. In the first two chapters, the introduction to solar energy 

and solar irradiation is given, followed by an outline of solar cell development, including first-

generation (1GEN), second-generation (2GEN), and third-generation (3GEN) solar cells. The 

operation of thin film heterostructure solar cells. The next section covers emerging materials 

for solar cell applications, including tin sulfide (SnS), germanium sulfide (GeS), and tin disulfide 

(SnS2). Chapter 4 discusses various experimental methods, such as vapor phase deposition, 

Raman spectroscopy, scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), X-ray diffraction (XRD), scanning tunneling microscopy and spectroscopy 

(STM/STS), transmission electron microscopy (TEM), selected area electron diffraction (SAED), 

as well as current density-voltage (J-V) characteristics and external quantum efficiency 

systems. The following two chapters present experimental studies on the electronic gap 

stability of two-dimensional tin monosulfide phases and the demonstration of an 

environmental-friendly solar cell based on two-dimensional materials GeS and SnS2, 

respectively. Finally, the thesis concludes with a summary and outlooks section and a list of 

publications.  
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2. Solar cell technology  

 

2.1 Solar energy 

 

 The amount of energy that the Sun continuously delivers to Earth, 

approximately 1.2 × 105 TW, is significantly greater than the rate at which human civilization 

produces and consumes energy (~13 TW) [3]. In other words, solar energy is capable of single-

handedly meeting humanity's energy demands. There are three main ways to utilize solar 

energy: (i) sunlight can produce chemical fuel through natural or artificial photosynthesis, (ii) 

it can be converted into electricity using solar cells, and (iii) it can produce heat. Figure 1 

provides a schematic of these energy conversion processes. 

Despite the abundance and versatility of solar energy, its current usage is relatively 

small. Only 0.015% is used for producing electricity, while 0.3% is utilized for heating purposes. 

The largest use of solar energy is in natural photosynthesis (11%) [2]. In contrast, over 80% of 

our energy is derived from fossil fuels, which are exhaustible, harmful to the environment, 

unevenly distributed, and non-renewable. Solar energy, on the other hand, is an inexhaustible 

and unrestricted energy source that has the potential to become a clean and sustainable 

alternative to fossil fuels and should be considered as such for a cleaner and more sustainable 

future. 

 

 

 

 

 

 

 

 

 Figure 1. There are three methods for transforming solar energy into different forms of energy: (a) creating chemical fuel 
through photosynthesis, (b) inducing electrons in a solar cell to produce electricity, and (c) focusing sunlight to generate heat. 
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2.2 Solar irradiation  

 

All the solar energy usage depends on how much sunlight is accessible. The solar 

irradiance that reaches the Earth's surface is highly variable due to atmospheric effects [36]. 

Approximately 30% of the irradiance is lost due to natural phenomena such as atmospheric 

absorption, Rayleigh scattering, and dust and aerosol scattering. Moreover, the path that 

sunlight must travel through the atmosphere before reaching the Earth's surface has the 

greatest impact on irradiance loss. This can be estimated by the degree of attenuation, which 

serves as the basis for the standardized air mass (AM) scale. The AM scale is a method of 

quantifying the impact of atmospheric attenuation on the amount of solar radiation that 

reaches the Earth's surface. It is calculated using the following equation: 

 

                                                  AM = 
1

cos(𝜃)
 ,                                                               (1) 

 

where is the solar zenith angle, which is the angle between the sun and the observer’s zenith 

(the point directly overhead).  

 The AM0 configuration refers to the solar irradiation outside the Earth's atmosphere 

when the Sun is at its zenith position (i.e.,  = 0°). This configuration is considered the standard 

for extraterrestrial applications. On the other hand, AM1 also occurs at  = 0°, but it takes into 

account the effects of atmospheric absorption, scattering, and reflection on the solar 

spectrum. In this scenario, light travels through the atmosphere along the shortest path and 

experiences minimal attenuation. Finally, AM1.5G is the terrestrial standard reference that is 

widely used in the study of solar radiation and PV devices. It represents the solar spectrum at 

the Earth's surface at mid-latitudes where the majority of developed countries employing 

solar technologies are located. AM1.5G corresponds to  = 48.2° and an irradiation of 

approximately 1000 W/m2. The "G" in AM1.5G stands for "global" and represents a weighted 

average of solar radiation at different angles of incidence, taking into account the relative 

proportions of direct and diffuse components of sunlight. Figure 2a illustrate different AM 
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Figure 2. a) Depicts the concepts of AM0, AM1, and AM1.5G solar irradiances. Meanwhile, Figure 2.b) displays the 
solar irradiation spectra of AM0 and AM1.5G (ASTM G-173-03 global, see Reference https://www.nrel.gov/grid/solar-
resource/spectra-am1.5.html), emphasizing the atmospheric absorption areas of various elements such as oxygen, ozone, 
water vapor, and carbon dioxide. 

configurations and Figure 2b depicts the solar spectral irradiance for AM0 and AM1.5G 

configurations as well as  the absorption bands of water vapor (H2O), oxygen (O2), ozone (O3), 

and carbon dioxide (CO2).  
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2.3 Outline of solar cell development  

 

 As previously stated, solar cells can generate useful electricity directly from sunlight 

through the photovoltaic effect. The French physicist Alexandre Edmond Becquerel first 

observed this phenomenon in 1839 [37]. Since then, there have been many research and 

development work in solar PV technologies. However, this development has undergone 

numerous changes, leading to the classification of solar cells into different generations as 

depicted in Figure 3. The goal of each generation is to lower costs while improving 

efficiency.[38]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The efficiency range achieved by different generations of solar cells, including first, second, third, and fourth 
generation solar cells. The figure is sourced from reference [38]. 
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2.3.1 First-generation (1GEN) 

 

First-generation solar cells are based on mono or polycrystalline silicon and 

gallium arsenide. These cells are the most common and widely used in the world [2]. The 

advantages of this generation are their reliability and durability [39]. Nevertheless, this 

technology is based on thick crystalline films (mainly Si) which not only leads to limited 

efficiency (see Figure 3) but also the production can be energy-intensive and can result in the 

emission of greenhouse gases, which can have a negative environmental impact [39]. 

Additionally, their rigid and inflexible nature makes them unappropriated for applications that 

necessitate flexible solar panels. Despite these limitations, 1GEN solar cells remain a critical 

component of the solar industry and are expected to persist in playing a pivotal role in the 

transition to a more sustainable and renewable energy future. 

 

2.3.2 Second-generation (2GEN) 

 

The second generation of solar cells were developed with the goal of reducing the 

high costs prevalent in the 1GEN through the utilization of thin film technologies. Unlike 1GEN 

solar cells, which are mainly based on silicon, 2GEN can be made of a variety of materials, such 

as amorphous silicon, cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) 

[39]. The 2GEN solar cells are based on thin layers of semiconductor materials that have lower 

cost and simpler manufacturing processes than the 1GEN. Moreover, the use of less material 

makes these solar cells more versatile than 1GEN solar cells, allowing a variety of applications. 

They are lightweight, flexible, and thin which is interesting to building-integrated PV, where 

solar panels are integrated into the design of buildings.  

Overall, 2GEN solar cells represent a major advance in PV technology. However, 

their efficiency is generally lower compared to 1GEN (see Figure 3), and the use of materials 

has serious commercial limitations due to the scarcity of gallium and indium and the serious 

toxicity of cadmium. As a result, further research and development are essential to find new 

materials and enhance the efficiency of solar cells.   
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2.3.3 Third-generation (3GEN) 

 

The goal of third-generation solar cells is to improve efficiency and environmental 

sustainability by building upon the advancements achieved by 2GEN solar cells. 3GEN solar 

cells incorporate a range of innovative designs such as dye-sensitized solar cells, hybrid solar 

cells that utilize inorganic quantum dots or nanomaterials in conjunction with organic 

materials, and multi junctions based on group IV and group III-V elements (see Figure 3). 

Recent advancements in PCE of organic solar cells have demonstrated their potential for 

practical applications. 

Currently, the most efficient type of solar cell is the multijunction cell, which can 

achieve power conversion efficiencies of up to 47.1% [40]. Single-junction GaAs cells follow 

with efficiencies of up to 30.5% [41], while c-Si cells can reach up to 27.6% [4], and thin film 

technologies fall within the range of 14% to 23.35% [42]. Among emerging PV technologies, 

the efficiency ranges from 12% to 29.1% [43], with monolithic perovskite tandem cells 

exhibiting the highest performance among them [44].  

However, most of the research and development efforts for third-generation PV 

technology are currently being carried out under laboratory conditions by research groups in 

universities or companies. As a result, the commercial availability of these technologies is still 

limited. 

 

2.4 Thin film heterostructure solar cell operation 

 

In these devices, sunlight is absorbed by a semiconductor material, creating an 

electron-hole pair that is transported to the electrical contacts of the solar cell to generate 

current for an external circuit. The power conversion process involves several steps, each of 

which requires a specific layer as shown in Figure 4. The scheme is described in detail in the 

following paragraphs. 
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The absorption layer plays a crucial role in solar cells by absorbing light. It is typically 

made of p-type semiconductor material with a high optical absorption coefficient and a 

suitable energy bandgap that influences its properties. According to the Shockley-Queisser (S-

Q) theory [45], the maximum theoretical efficiency of a solar cell, as illustrated in Figure 5, can 

be achieved by a material whose energy bandgap is within the range of 1.1-1.4 eV. 

Additionally, the absorber film synthesis induces crystal lattice defects, such as grain 

boundaries, intrinsic point defects (vacancies), and impurities. These defects create extra 

electronic states within valance and conduction band [46] that can influence the efficiency of 

the solar cell.[47] 

 

 

 

 

Figure 4. A heterojunction solar cell is illustrated, which comprises several layers including a glass substrate, a transparent 
conducting oxide (TCO) layer serving as the front contact, a buffer layer, an absorption layer, and a back contact. The diagram 
provides a visual representation of the layers that make up a heterojunction solar cell. 
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The buffer layer is composed of n-type semiconductor material and is responsible for 

creating a junction with the absorption layer. When the absorption layer and the buffer layer 

are joined to form a p-n junction, excess electrons from the n-type material move to the p-

type side, and excess holes from the p-type material move to the n-type side. This charge 

movement exposes positive ion cores on the n-type side and negative ion cores on the p-type 

side, resulting in the formation of an electric field at the junction and the depletion region. A 

schematic of a p-n junction is shown in Figure 6a and 6b. When light strikes the surface of a 

solar cell, photons are absorbed by the semiconductor material, which excites electrons to 

higher energy levels. If the energy of the absorbed photon is greater than the bandgap energy 

of the semiconductor material, an electron-hole pair is created. The electric field across the 

Figure 5. The theoretical Shockley-Queisser detailed-balance efficiency limit as a function of band gap. The black line shows 
the efficiency limit, while the gray lines illustrate 75% and 50% of that limit. This figure from reference [47] includes the 
efficiency limits for several materials used as an absorber layer in solar cells, plotted against their respective band gaps. 
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depletion region then separates the electron and the hole, creating a flow of electrons 

towards the n-type material and a flow of holes towards the p-type material, which are then 

transported to the electrical contacts. 

The energy band alignment plays an important role in the device’s efficiency [48]. The 

magnitude and sign of the conduction band offset (EC) between the p- and n-type 

semiconductors are crucial to define the solar cells’ carrier transport and recombination. The 

presence of a significantly negative value of EC results in a conduction band offset with a cliff-

like profile at the heterojunction (see Figure 6c). This causes a loss of energy for electrons as 

they move across, facilitating unfavorable interface recombination.  Conversely, a 

considerably positive value of EC results in a conduction band offset with a spike-like profile 

at the heterojunction (see Figure 6d). This creates a significant energy barrier that impedes 

photocurrent collection. However, an optimal conduction band offset is desirable to reduce 

interface recombination without sacrificing photocurrent collection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. In the first sub-figure (a), p-type and n-type semiconductors are separated. In the second sub-figure (b), a p-
n junction is formed, which creates the depletion region, and the energy band diagram in thermal equilibrium is shown. 
The third and fourth sub-figures (c and d) present a simplified schematic of the cliff-like and spike-like conduction band 
configurations at the pn-junction. This figure provides a visual representation of the formation of a p-n junction and 
the associated energy band diagrams at equilibrium. 
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The third component of a solar cell is the electrical contacts, which serve the purpose 

of collecting the charge carriers produced in the p-n junction and transporting them to the 

external circuit. While back electrical contacts are typically made of metals, front contacts 

need to be transparent to allow the incoming light to reach the p-n junction. Transparent 

conducting oxide (TCO) is commonly used as an optically transparent thin film and electrically 

conductive material for the front contacts, with indium tin oxide (ITO) being the most 

prevalent example. 

The interface metal/semiconductor in solar cells can pose problems that limit their 

performance [49]. A Schottky barrier (SB), which is a potential barrier, can form at this 

interface, leading to a reduction in the photocurrent flow and ultimately reducing the PCE of 

the cell. Therefore, it is important to decrease the SB by optimizing the contact interfaces 

between the thin films to enhance the performance of a solar cell.  Figure 7 shows the 

schematic diagram of band bending and illustrates the appearance of the Schottky barrier.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  The figure depicts illustrations of band bending that occur at the interface between semiconductors and metals, 
leading to the formation of the Schottky barrier. Specifically, the figure shows how the energy bands bend at the contact 
between the two materials, causing the formation of the Schottky barrier. This figure provides a visual representation of the 
phenomenon of band bending and its impact on the electronic properties of semiconductors and metals at their interfaces. 
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3. Emerging materials for solar cell applications 

 

3.1 Tin sulfide (SnS)  

 

Tin monosulfide (SnS) is a monochalcogenide compound of the group IV-VI, which 

also includes SnSe, GeSe, and GeS.  The most commonly reported crystal structure of SnSis 

the orthorhombic phase (-SnS). This phase corresponds to a layered material with a 

puckered arrangement of atoms. Its orthorhombic unit cell belongs to the Pnma space group 

with a = 1.1200 nm, b = 0.3987 nm, and c = 0.4334 nm (ICSD number: 52108) as lattice 

parameters at room temperature. Figure 8 shows a schematic representation of the α-SnS 

crystal structure, revealing its layered lattice structure, each layer being two atoms thick. The 

unit cell contains two layers weakly coupled by van der Waals interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The figure shows the crystal structure of the layered orthorhombic α-SnS phase, including the unit cells 
represented by rectangular cuboids. This figure provides a visual representation of the physical structure of the α-SnS 
phase, which consists of layers of tin (Sn) and sulfur (S) atoms arranged in a particular way. 
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The α-SnS phase has attracted considerable interest for its potential use in 

optoelectronic devices which include near-infrared (NIR) detectors [6] and optical sensors [7]. 

Its main potential application is as an absorber layer in solar cells since α-SnS is a p-type 

semiconductor material with a suitable electronic bandgap (1.1–1.4 eV) [8–10], has a fairly 

high light absorption coefficient (>105 cm− 1) [11,12] and good charge carrier mobility (15 

cm2V− 1s − 1) [13,14]. It is important to stress that its the suitable bandgap enables a high 

absorption coefficient, making this material capable of absorbing more than 90% of light with 

a thickness of 1200 nm [14].  

 In addition, the layered structure of α-SnS results in a highly anisotropic material, 

meaning that the crystallographic orientation plays an important role in its properties. The 

material exhibits notable contrast when measurements are made along its axes, including 

carrier mobility [50], surface energy [51], ionization potential [51], and thermoelectric 

transport [52].  Although anisotropy can increase the complexity of device manufacturing, it 

can also present some benefits.  The charge mobility along the layer direction is 10 times 

higher than in the perpendicular direction in a single crystal [9]. 

Recently, the cubic structure of the metastable -SnS phase was reported [53]. The 

properties of this phase are distinct from the α-SnS. -SnS has a large lattice constant of a = 

1.1506 nm (see Figure 9) and a wider bandgap in the range 1.6–1.8 eV [54,55] when compared 

to the α-SnS phase (1.1–1.4 eV) [8,9,56]. -SnS has been synthesized by several techniques 

such as chemical bath [57], spray pyrolysis [58], thermal evaporation [59], and atomic layer 

deposition [54]. As the α-SnS phase, the π-SnS phase has potential applications in various 

fields. It exhibits high performance in NIR photodetectors [60] and thermoelectric applications 

[61]. In terms of its application as an absorber layer in solar cells, -SnS has demonstrated a 

current record efficiency of 1.28%, when deposited by chemical bath [62].  
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The use of SnS as a solar absorber layer in solar cell devices was first proposed in the 

late 1980s [63,64]. Figure 10 shows the maximum theoretical efficiency as a function of the 

bandgap for a single-junction solar cell calculated by Shockley-Queisser [45] for an AM 1.5 

solar irradiance (depicted in Figure 2). In this figure, one observes that the range of the 

bandgap of -SnS is at the maximum of this curve (grey region), with a theoretical maximum 

efficiency of ~ 32% [65]. Similar analyszes show that for the -SnS the Shockley-Queisser 

Figure 9. This figure provides a detailed depiction of the crystal structure and unit cells of the cubic -SnS phase, 
including the unit cells represented by the black lines. The red dashed hexagon in the figure represents the SnS atoms 
in the [111] direction that are arranged to form a hexagon.  
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efficiency limit is ~26% (red region in the graph) [5]. Therefore, this polymorphism presented 

by SnS is a rich subject for research and further studies are required to assess the full potential 

of both phases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Theoretical efficiency as a function of band gap calculated by Shockley and Queisser with AM 1.5 solar 

irradiance. The shaded regions indicate the band gap range for bandgaps of -SnS (grey – 1.1–1.4 eV) and -SnS (red 
- 1.6–1.8 eV) 
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Sinsermsuksakul et al. [66] reported the development of one of the most efficient 

α-SnS-based solar cells, with an efficiency of 4.36%.  This configuration is depicted in Figure 

11. In this system, the solar cell was deposited on glass substrates coated with molybdenum 

metal by radio frequency sputtering. The SnS film was deposited by atomic layer deposition 

(ALD) using alternating doses of tin precursor vapor and a gas mixture of H2S and N2. The SnS 

surface was oxidized to form SnO2. Zn(O, S) and ZnO were then deposited by ALD using diethyl 

zinc, H2O, and a gas mixture of H2S and N2. ITO was deposited by radio frequency sputtering 

and the device is completed by depositing a Ni/Al metal contact. 

 

 

 

 

 

 

  

 

 

 

 

Despite the significant efficiency of the -SnS solar cell, ALD is a costly and complex 

approach. In addition, it has a slow deposition rate that greatly prolongs the device’s 

manufacturing process. As an alternative, thermal evaporation is a relatively straightforward 

process that does not necessitate intricate machinery or precise regulation of deposition 

parameters. Moreover, the equipment involved in thermal evaporation is typically less 

expensive compared to that of ALD, making it a more cost-effective option for certain 

applications. Steinmann et al. [14] produced a device with a power conversion efficiency of 

3.88% using thermal evaporation process, demonstrating that it is possible to produce SnS-

based solar cells presenting good efficiencies in a simple way.  Figure 12 presents the structure 

of the device. 

Figure 11. Solar cell based on -SnS presented by Sinsermsuksakul et al. Figure from ref. [66]. 
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 More recently, Yun et al. [67] developed the current best-working -SnS-based device 

with an efficiency of 4.8% (depicted in Figure 13). They fabricated a solar cell by solution 

process using rapid thermal treatment under Ar gas flow after spin coating a precursor 

solution of SnCl2 and thiourea dissolved in dimethylformamide onto a nanostructured thin 

TiO2 electrode. This process is also an alternative to the expensive ALD.  

 

 

 

 

 

 

 

 

 

 

Figure 12. Solar cell based on -SnS deposited using thermal evaporation by Steinmann et al. Figure from ref. [14]. 
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 The newly discovered metastable cubic -SnS phase, presents current top-performing 

efficiency of 1.28% [62]. González-Flores et al. produced a solar cell by depositing -SnS thin 

films on glass substrates coated with F-doped SnO2 (SnO2:F) as transparent conducting oxide 

(TCO) and CdS film as window layers (depicted in Figure 14). The chemical bath for depositing 

-SnS thin films contained thioacetamide. The promising properties that SnS continues to 

show, together with low efficiencies (4.8%), are the main motivations for the first part of this 

study. 

 

 

 

 

Figure 13. The best solar cell based on -SnS presented by Yun et al. Figure from ref. [67]. 
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3.2 Germanium sulfide (GeS)  

 

Similar to SnS, germanium monosulfide (GeS) is also part of the IV-VI family. It is an 

emerging material with suitable optoelectronic properties for solar cell applications, 

additionally presenting environmentally friendly and earth-abundant characteristics. GeS is 

usually synthesized as a p-type semiconductor and exhibits a bandgap at the end of visible 

region (1.6 – 1.7 eV) [15–17], large light absorption coefficient (>104 cm-1) [17], and high 

carrier mobility (~ 86 cm2V-1s-1) [18]. Theoretical studies indicate that single-junction GeS-

based solar cells are situated in the spectral range of maximum efficiency (~ 34 %) for solar 

radiation if thermal losses are minimized. GeS has a puckered lattice with a = 0.430 nm, b = 

1.047 nm, c = 0.364 nm lattice parameters and belongs to the Pbnm space group, analogous 

to -SnS structure, as shown in Figure 15a. This atomic arrangement induces an anisotropic 

electronic response to polarized optical absorption [16,68], preferential photoconductivity 

[69], and multiferroic properties coupling ferroelectricity and ferroelasticity [70–72]. All these 

Figure 14. Schematic of -SnS solar cell structure: TCO/CdS/SnS-CUB/SnS-ORT/C. Figure from ref. [62]. 
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properties make GeS a promising material for tunable light emitters with the possibility of 

interlayer twist [19–21], enabling its use in visible light photodetectors [22–24] or as an 

absorber layer in solar cells [17]. GeS have been synthesized by methods with some extent of 

scalabilities such as chemical vapor deposition (CVD) [23,73], vapor phase deposition (VPD) 

[16] and colloidal synthesis [15]. A density functional theory (DFT) calculation of the GeS band 

structure, showing its direct gap at the  point is depicted in Figure 15b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Feng et al. [17] fabricated the first solar cell based on GeS as an absorber layer. GeS 

films were prepared by the close-space sublimation method that was employed as absorber 

layer in a device structure of glass/Mo/MoSe2/GeS/CdS/i-ZnO/ITO/Ag (Figure 16). The best 

devices present a PCE of 1.36% under AM1.5G illumination and 3.6% under indoor 

illumination of 1000 lux. These devices show negligible PCE loss after storing in an ambient 

atmosphere at room temperature for 1500 h, demonstrating the great potential for 

photovoltaic applications.   

 

 

Figure 15. Crystal and band structure of GeS. a) Side view of the crystal structure and unit cell (black rectangle) of GeS. b) Band 
structure DFT calculations near the Fermi energy level for GeS, calculated by Rafael Reis. The green triangle indicate the 
bottom of the conduction band red triangle the top of the valence band, exhibiting a direct for GeS (theoretical gap values are 
underestimated with respect to experimental results). 
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3.3 Tin disulfide (SnS2)  

 

Tin disulfide (SnS2), unlike GeS and SnS, is an n-type semiconductor with a hexagonal 

crystal structure with a = 0.364 nm, b = 0.364 nm, c = 0.589 nm lattice parameters and belongs 

to the P3m1 space group (Figure 17a). SnS2 has a flexible wide-bandgap in the range of 1.8-

2.9 eV, varying according to the deposition methods [25–29]. This compound is synthesized 

using inexpensive elements, simple controllable chemical stoichiometry, and consistent 

environmental stability. SnS2 has a plethora of potential applications ranging from diodes [30], 

photodectors [31], gas sensors [32], batteries [33], supercapacitors [34], field effect 

transistors [35], and buffer layer for heterojunction in solar cells [29]. The synthesis of SnS2 

can be achieved by different processes, such as CVD [74], wet chemical processes [29] and 

spray pyrolysis [75]. The SnS2 calculated (DFT) band structure is shown in Figure 17b, in which 

one can observe the occurrence of an indirect gap. 

 

Figure 16. The figure shows a cross-sectional scanning electron microscope (SEM) image of the layers in a GeS solar cell. Figure 
adapted from reference [17]. 
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The broad capabilities of SnS2 turn it into a suitable candidate for the replacement of 

hazardous materials in several devices. For solar cells, the use of buffer layers with a bandgap 

of approximately 2.5 eV and partial transparency to visible light usually leads to material 

choices such as In2S3 [76,77], ZnS [78–80], ZnO [81,82], TiO2 [83,84], Zn(O, S) [14], ZnMgO [85] 

and the CdS [17,86,87] (the most used). These compounds present production cost drawbacks 

related to their vacuum-based synthesis techniques, which consequently limits scalability. 

Particularly for cadmium sulfide (CdS), toxicity is a severe restriction for the production and 

waste disposal of devices.  

Recent studies present SnS2 as a buffer layer for Cu(In,Ga)Se2(CIGS) solar cell devices 

with similar performance to CdS [29]. In this work, Gedi et al. fabricated a solar cell with SnS2 

presenting an open circuit voltage (VOC) of 0.41 V, short circuit current density (JSC) of 25.67 

mA cm-2, fill factor (FF) of 49%, and conversion efficiency () of ~ 5.1% (see Figure 18). All 

values are comparable to CdS-based devices, with an efficiency of ~ 7.5%. Such a condition 

points to SnS2 as an interesting alternative for Cd-free solar cell production. 

 

 

Figure 17. Crystal and band structure of SnS2. a) Side view of the crystal structure and unit cell (black rectangle) of SnS2. b) 
Band structure DFT calculations near the Fermi energy level for SnS2, calculated by Rafael Reis. The green triangle indicate the 
bottom of the conduction band red triangle the top of the valence band, exhibiting an indirect for SnS2 (theoretical gap values 
are underestimated with respect to experimental results). 
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Figure 18. J-V curves of CIGS devices with conventional CdS and SnS2 buffer layers. The CdS cell demonstrates an 
efficiency of 7.5%, while the SnS2 cell exhibits an efficiency of 5.1%. The performance of the SnS2 cell is comparable to 
that of the CdS cell. This figure was adapted from ref. [29]. 
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4. Experimental methods 

 

4.1 Vapor phase deposition 

 

Vapor phase deposition is a method of synthesizing films and isolated structures that 

uses a simple experimental setup and in which the material deposition rate is reasonably low. 

The procedure consists of placing the precursor powder in a ceramic boat inside a vacuum 

chamber and heating it so that it sublimates. Subsequently, the material vapor is carried 

downstream by inert gas and deposited over the substrate that is at a lower temperature 

compared to the source. Once the deposition takes place, the following processes can occur: 

 

1) Adsorption: gas molecules that collide with the substrate surface can be adsorbed 

when they dissipate part of their momentum via electrostatic interaction. On the other 

hand, very energetic molecules can be reflected from the substrate surface.  

2) Diffusion: weakly adsorbed molecules can use their residual momentum to diffuse 

along the substrate surface. Some of them can gain enough energy during the 

migration and be desorbed from the substrate surface. 

3) Nucleation: adsorbed molecules can interact with each other forming nucleation 

centers.  

4) Condensation: nucleation centers can interact with each other forming flakes and 

films, as shown in Figure 19. 
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To synthesize the structures used in this thesis, the purified material powder was 

placed in an alumina boat at the center of the furnace's hot zone (zone 1 - see Figure 20a), 

while the substrates were placed downstream from the powder source. The tube reactor was 

then connected to a vacuum pump, and ultrapure argon was injected at a flow rate of 200 

sccm for 20 min to purge the chamber. Afterward, the argon flux was reduced, leading to a 

decrease in pressure, and the furnace was heated to reach the synthesis temperature. In this 

example recipe, the temperature ranged from approximately 550°C to 520°C along the 

substrate in the longitudinal axis direction (see Figure 20a). The system was heated for 10 min 

while the vapor was carried downstream and deposited on the substrate. Finally, the system 

was naturally cooled to room temperature. Figure 20 shows a schematic of the synthesis 

process. 

 

 

 

 

 

 

 

 

Figure 19. The figure demonstrates the vapor phase deposition on a substrate, including the stages of adsorption, 
diffusion, nucleation, and condensation, in a sequential manner. 
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Figure 20. a) Schematic representation of the experimental setup for growth of SnS samples. The vertical red and blue dashed 
lines indicate the regions where flat and spiral platelets appear, respectively. b) Measured temperature profile of the furnace 
along its horizontal axis for conditions used in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The described process relies on several experimental parameters to determine or 

influence the morphology and evolution of the synthesized structures. These parameters 

include vapor phase supersaturation, source material and substrate temperature, 

temperature gradient in the tube furnace, distance between the source material and the 

substrate, furnace heating rate, gas flow rate, inner diameter of the ceramic tube, and starting 

material. 

The vapor phase supersaturation and the surface energy of the material's growth 

planes, play a dominant role in the evolution of structure growth. The rate of crystal growth 

is determined by the supersaturation of vapor phase atoms and molecules, while the final 

structure of the crystal is determined by the surface energy of the growing surfaces, among 

other parameters. Understanding the morphological evolution of nanostructures and 
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Figure 21. The figure shows scanning electron microscopy images of different regions of the substrate.  a) Representing a 
closer view (regular platelets) and b) representing a further view (undefined shapes platelets) from the powder source, 
respectively.  

achieving the desired nanostructures in a controllable manner relies on a fundamental 

understanding of these factors. Supersaturation can be defined as [67]: 

 

                                                               𝑆 =  
𝑝− 𝑝0

𝑝0
 ,                                                                       (2) 

 

where values 𝑝 and 𝑝0 represent the actual gas pressure and the equilibrium pressure 

between the solid and gas phases of the material, respectively. 

 The temperature profile in Figure 20b reveals that in the substrate region closer to the 

source (defined by the red square), where the temperature gradient was minimal, the 

sublimated material's vapor pressure approached the equilibrium vapor pressure, leading to 

a supersaturation close to zero and growth near thermodynamic equilibrium. Consequently, 

the low nucleation rate of SnS platelets resulted in their orthorhombic shape, consistent with 

Wulff’s theory [88]. Conversely, in the region further from the source (defined by the blue 

square), a significant temperature gradient led to a sudden increase in supersaturation (due 

to a decrease in equilibrium vapor pressure), resulting in high nucleation rates, material 

deposition, and the formation of structures with random orientation and undefined shapes. 

The growth under large gas-phase supersaturation occurred far from thermodynamic 

equilibrium, necessitating the consideration of kinetic effects such as gas phase diffusion and 

surface diffusion. Figure 21 depicts scanning electron microscopy images of regions on the 

substrate, highlighting the described characteristics at varying distances from the powder 

source. 
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The vapor pressure of the source material is determined by its temperature, with 

pressure increasing exponentially as the temperature rises. As the vapor travels downstream 

with the carrier gas towards the substrate, a local supersaturation builds up, which is higher 

with higher heating temperatures. Thus, the morphology of the synthesized structures is 

affected accordingly. The temperature at the substrate and the temperature gradient also 

affect the supersaturation profile and hence the morphology. The distance between the 

source material and the substrate determines the local supersaturation and temperature. 

Additionally, the heating rate may influence the initial nucleation process, with a higher 

heating rate allowing for homogeneous nucleation and lower dispersity of morphology, while 

a lower heating rate generally results in higher dispersity. 

The supersaturation profile is significantly impacted by the gas flow rate and the inner 

diameter of the tube. A higher gas flow rate and smaller inner diameter will cause the 

maximum supersaturation to shift downstream from the source material, thereby altering the 

structure's morphology at a fixed position on the substrate. 

It is widely known that materials with nanometer-scaled sizes exhibit a lower melting 

temperature [89]. Therefore, utilizing nanomaterial as the source material can increase the 

heating temperature and subsequently alter the supersaturation profile, leading to changes 

in the final morphology of the structure. While other factors may also affect the morphology 

in specific situations, they are not relevant to the current study. 
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4.2 Raman spectroscopy  

 

In Raman spectroscopy, a non-destructive interaction of a monochromatic light beam 

(usually a laser) with the investigated material causes molecular vibrations that result in a shift 

in the frequency of the scattered radiation. This technique, commonly used to determine the 

vibrational modes of molecules, provides a structural fingerprint of the phase, polymorph, 

crystallinity, and molecular interactions of the studied material.  

The elastic scattering light (Rayleigh scattering) is at the same frequency as the incident 

light and does not provide useful information. On the other hand, Stokes shift occurs when 

the frequency of the inelastically scattered light is lower than that of the incident light. In this 

case, the vibrational state of the target material is more energetic than its initial state. 

Differently, the anti-Stokes occurs when the frequency of the inelastically scattered light is 

shifted to a higher value compared to incident light, and consequently, the vibrational state 

of the material is less energetic than the initial state. In all these cases, the energy of the 

system is conserved. The schematics of the Raman scattering are shown in Figure 22.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. In Raman spectroscopy, the interaction between matter and light causes the excitation of a molecule from its 
ground state to a virtual excited state, followed by the relaxation to a higher vibrational state. This process can result in three 
types of scattering: Rayleigh, Stokes Raman, and anti-Stokes Raman scattering. The energy excitation-level diagram 
presented in this figure shows the states involved in Raman spectroscopy, including the ground state, virtual excited state, 
and vibrational states involved in Rayleigh, Stokes Raman, and anti-Stokes Raman scattering. 
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Figure 23a shows vibration diagrams for Ag and B3g SnS modes and Figure 23b depicts 

the corresponding peaks in the Raman spectra for films and platelets located at 95, 160, 189, 

and 218 cm-1. The Ag (218 cm-1) mode corresponds to the “NaCl” type vibration; Ag peaks (95 

cm-1, 189 cm-1) are “waving” and “breathing” modes; and B3g (160 cm-1) is a “NaCl” type 

vibration along the b-axis direction, as presented in reference [90]. This thesis utilized Raman 

spectroscopy with a Witec Alpha300 spectrometer, which employed a 532 nm laser passed 

through a 100x objective lens and operated at approximately 0.4 mW power. [88] 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. a) Vibration diagrams of Ag modes and B3g modes. Figure from ref. 89. b) Raman spectra of SnS platelets (red 
line) and films (blue line). Figure from ref. [88].  
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4.3 Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) 

 

Scanning Electron Microscopy (SEM) is a powerful imaging technique used to observe 

the surface morphology of a sample at high magnification. SEM works by scanning a focused 

beam of electrons across the surface of the sample, and detecting the emitted electrons that 

interact with the sample's surface. These emitted electrons are then used to generate a 

detailed, high-resolution image of the sample's surface.  

To put it briefly, the standard scanning electron microscope comprises a tower that 

emits electrons through thermionic or field emission from a tungsten or lanthanum 

hexaboride (LaB6) filament (cathode) at its top. After being accelerated and passing through 

an anode, the electron beam is focused by condenser lenses that align it with the objective 

aperture. The objective then adjusts the beam focus before it reaches the sample. Figure 24 

shows the SEM column and its main components in an illustration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24.  This schematic diagram illustrates the essential 
components of a scanning electron microscope (SEM), 
including an electron source, anode, condenser lens, 
objective lens, and x-ray and secondary electron 
detectors. The sample interactions with the electron beam 
are also depicted, which can include secondary electrons, 
and characteristic X-rays emitted from the sample. 
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When the beam interacts with the sample, it emits various types of radiation, including 

bremsstrahlung X-rays, characteristic X-rays (fluorescence), electromagnetic radiation in the 

infrared, visible, and ultraviolet regions, as well as secondary electrons, backscattered 

electrons, and Auger electrons. In scanning electron microscopy, the most significant signals 

are the backscattered electrons (which collide elastically with the surface atoms of the 

sample) and the secondary electrons (which result from inelastic collisions between the 

primary electrons and the sample atoms). The secondary electron mode mainly reveals the 

topography contrast of the sample surface, while in the backscattered electron mode, images 

are produced based on the mass contrast between the elements on the surface. Heavier 

atoms are more likely to undergo backscattering interactions with the electrons and thus 

appear brighter in SEM images. The SEM detector can be switched between the secondary 

electron and backscattered electron modes, or the SEM system can be equipped with multiple 

detectors.  

In addition, EDS detects the energy of the X-rays emitted from atoms in the sample, 

which are excited by the electron beam. Excited electrons tend to revert to their initial states 

and release a photon with energy equal to the difference between the excited and initial 

states. Measuring the energy of these emitted X-rays allows for determination of the type and 

concentration of elements, even when unknown. With advanced EDS detectors, like 

wavelength-dispersive spectrometers (WDS), the energy resolution can reach ~5 eV [91].  

Figure 25 illustrates an example of a secondary electron image, a backscattered 

electron image, and an EDS spectrum. A secondary electron image (Figure 25a) and a 

backscattered electron image (Figure 25b) of the letter-printed part on a name card are 

displayed. The ink of the letters contains heavy metals, resulting in a brighter contrast in the 

backscattered electron image compared to the fiber part of the name card (compositional 

contrast). The secondary electron image does not exhibit compositional contrast. It is 

important to note that the surface of this specimen has been carbon-coated to prevent 

electric charging. Figure 25c shows the EDS spectrum that displays the concentration of Sn 

and S in a SnS sample. This thesis utilized Scanning Electron Microscopy (SEM) was performed 

using a Hitachi TM4000Plus microscope working at 15 KeV. Energy-dispersive X-ray (EDS) 
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Figure 25. The image a) shows a secondary electron view, while the one on b) displays a backscattered electron view of 
the lettering section of a carbon-coated name card (located at the center of both images)(see Reference 
https://www.jeol.com/words/semterms/20190129.113542.php#gsc.tab=0). c) EDS spectrum SnS platelets   with Sn: S 
atomic ratio close to 1:1. 

spectra, collected in the same equipment, identified the stoichiometry of the produced 

samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As illustrated in Figure 26, secondary electrons possess very low energy, typically 

below 50 eV, with a peak distribution of 3-5 eV. Consequently, only secondary electrons within 

the top 50 nm of the surface can leave the surface and reach the detector. In contrast, 

backscattered electrons have much higher energy, nearly equal to the incident energy, and 

interact with a region up to 3 μm in diameter, resulting in a significant reduction of the 
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Figure 26. The figure shows the range and spatial resolution of secondary electrons, backscattered electrons, and X-ray 
emission in an electron microscopy system. Figure from ref. [92]. 

technique's spatial resolution. The typical spatial resolution of SEM is approximately 50 nm in 

the secondary electron mode and greater than 100 nm in the backscattering electron mode. 

[92] 
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X-ray diffraction (XRD) 

 

X-ray diffraction is a powerful non-destructive technique used for characterizing 

crystalline materials. It provides information about structures, phases, and crystal orientation, 

among other properties. According to Bragg’s treatment, a plane-wave of X-rays, which is 

incident on a single Bravais lattice, is reflected from a set of parallel lattice planes, as depicted 

in Figure 27. Bragg’s law describes the diffraction of X-rays by the sample, the reflections from 

each of the planes of a certain family will interfere constructively when the following condition 

is met:  

 

                                                      2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 ,                                                                       (6) 

 

where d is the perpendicular distance between pairs of adjacent planes, 𝜃 is the angle of 

incidence, 𝜆 is the wavelength of the beam, and n denotes an integer number, known as the 

order of the reflection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. X-ray diffraction (XRD) works on the basis of Bragg's law, which states that a crystal lattice plane will diffract X-rays 
at an angle θ if the following condition is met: nλ = 2d sinθ, where n is an integer, λ is the wavelength of the X-ray, d is the 
interplanar spacing of the crystal lattice, and θ is the angle of incidence of the X-ray beam on the lattice plane. This figure 
illustrates the geometrical condition for diffraction from lattice planes in XRD. 
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The powder method is the most commonly used technique for crystallographic XRD 

characterization, particularly for polycrystalline materials. In one version of this method, 

illustrated in Figure 28, the sample being analyzed remains stationary while the X-Ray source 

(monochromatic) and the counter rotate at an angle of θ each. As the angle meets Bragg's 

condition for one of the crystal planes, the counter detects a sharp peak of radiation. The 

resulting peaks on the 2θ axis represent different crystallographic planes or crystallite 

orientations. The peak amplitude corresponds to the number of grains or crystallites in the 

corresponding orientation with respect to the source. 

By analyzing the precise angles at which radiation peaks are identified, it is possible to 

deduce both the texture of the material (preferred grain orientations) and the lattice constant. 

The lattice constant can be used to approximate the average residual strain, and 

consequently, the stress of the material. In Figure 29, an exemple of X-ray diffraction pattern 

of the SnS precursor powder is presented, both before and after a heat treatment. The pattern 

shows that the undesired phase was eliminated, and the treated material now only contains 

the SnS phase, which corresponds to ICSD number 52108. The phases of the SnS powder and 

the crystallographic orientation of the SnS platelets were analyzed by x-ray diffraction (XRD, 

Empyrean) with Cu Kα radiation using a θ/2θ scan. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 28. A simplified X-ray diffraction measurement schematic showing the X-ray source, sample, detector, 

and the angles of incidence () and diffraction (2). 
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Figure 29. XRD data of SnS heat treated powder (yellow), untreated powder (black) and XRD data for SnS taken from ICSD 
number 52108. The vertical red dashed lines indicate the peaks for SnS and the blue dashed lines present peaks for Sn2S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 

 

   

 

4.4 Scanning tunneling microscopy and spectroscopy (STM/STS) 

 

Binnig and Rohrer developed the scanning tunneling microscope in 1981 [93], which is 

a powerful experimental tool in surface science analysis. Based on the quantum phenomenon 

of tunneling, this technique allows the imaging of a surface through the variation of the 

tunneling current between a sharp conducting tip and the investigated conducting sample.  

Tunneling is a quantum phenomenon in which a particle can propagate in a region 

where the potential barrier that is higher in energy than the particle’s energy. According to 

classical mechanics, a particle with energy lower than the potential barrier cannot propagate 

through it. In the quantum regime, on the other hand, particles are described by Schrödinger’s 

equation and have wavelike properties and, thus, can be associated with a wavefunction that 

must be continuous at the barrier limits. This wave exhibits an exponential decay inside the 

barrier, indicating that there is a finite probability of the particle tunneling through the barrier. 

Figure 30 summarizes the quantum tunneling through a potential barrier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. The figure illustrates the quantum tunneling effect, which is a quantum mechanical phenomenon that occurs 
when a particle is able to pass through a potential barrier despite not having enough energy to do so classically. This 
effect arises due to the exponential decay of the wave function of the particle within a one-dimensional potential 
barrier, which allows the particle to extend into the classically forbidden region. The figure provides a visual 
representation of this concept, showing how the wave function of the particle is damped within the potential barrier 
and how it extends beyond the barrier, indicating the possibility of the particle tunneling through the barrier. 
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To extend this quantum phenomenon to the STM, the operation of the microscope, 

used in this thesis, is described as follows: a sharp conducting tip, usually made of W or Pt-Ir, 

is connected to three piezoelectric motors in orthogonal directions (x, y, and z). These motors, 

made of piezoelectric materials, contract or expand depending on the application of a voltage. 

This property makes this system able to scan the sample along its surface and vary its z-

position (see Figure 31a). Once the tip and the sample are sufficiently close and in 

thermodynamic equilibrium, their Fermi levels must align (see Figure 32a). Electrons 

attempting to travel from sample to tip (or vice versa) will not succeed, due to the Pauli 

Exclusion Principle. Despite the tip and the sample Fermi levels being exactly aligned, there 

are no empty states on either side available for electrons to tunnel. If a voltage is applied to 

the tip (or sample), its energy levels will be shifted. Then the electrons can tunnel from the 

occupied states of the sample to the unoccupied states of the tip (see Figure 32b). The 

tunneling process thus depends on the available unoccupied electron states in the underlying 

sample in the energy window of the applied voltage. At negative tip bias, the detected current 

arises from the electrons that tunnel from occupied states of the tip into unoccupied states of 

the sample; at positive tip bias the electrons tunnel from occupied states of the sample into 

unoccupied states of the tip. Finally, a feedback loop system is required to monitor the 

distance between the tip and the sample, in order to maintain the tunneling current constant 

(constant current mode). If the tunneling current is greater (smaller) than a reference value, 

the feedback system, drives the tip away (closer) from the sample surface, thus decreasing 

(increasing) the tunneling current, to keep it constant (see Figure 31b). The process will result 

in the mapping of the sample's surface into topographic images. These images will be 

presented in a color-code that reflects a combination of both height and electronic variations. 

An example of an STM image of a SnS platelet is presented in Figure 33. 
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Figure 31. a) This figure shows a schematic of the scanning tunneling microscopy (STM) technique used in this particular thesis. 
b) The figure illustrates the constant current mode of STM, in which the tunneling current between the tip and the sample is 
kept constant while the distance between them is varied. This mode allows for the measurement of the sample's topography 
by monitoring the changes in the tip-sample distance. 
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Figure 32. a) A representation of the electron configuration in the scanning tunneling microscopy (STM) setup. The electrons 
in the tip and the sample are separated by a vacuum barrier, which is necessary to maintain a stable and reliable tunneling 
current. b) The figure illustrates how the application of a bias voltage to the sample can raise the Fermi level of the sample. 
This generates empty states in the sample that are available for the tunneling of electrons from the tip into the sample. This 
phenomenon is the basis of the STM technique, which allows for the imaging and manipulation of surfaces with high spatial 
resolution. 
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Figure 33. STM image of a spiral SnS platelet.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The STM image, obtained by scanning the sample surface is a combination of the 

electronic density of states (DOS) and topography of the system. For microscopy imaging, a 

sharp tip with few atoms is preferred as it facilitates the preferential tunneling to certain 

orbitals of the tip and improves the spatial resolution of the image. However, for STS, a domed 

tip is more appropriate to obtain an approximately constant DOS shown in Figure 34. On other 

hand, the DOS of the sample in general may have specific states for well-defined energies, 

which appear as peaks, having different complex structures that vary from sample to sample. 

Thus, the tunneling current will be mainly influenced by the density of states of the sample. 

Spectroscopic measurements of the tunneling current at a single point in the sample 

give information about local conductivity I(V), and differential conductivity dI/dV as a function 
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of V. Therefore, the tunneling spectrum, dI/dV or tunneling spectrum, gives us information 

about the local density of states of the sample, allowing the study of the electronic properties 

of different surfaces. Tunneling spectra are presented in Figure 35 as an example of 

information analyzed in this thesis. The electronic band gap and conductivity can be 

determined from these spectra. Figure 35a) depicts a portion of the platelet that behaves as 

an n-type semiconductor, denoted by the Fermi level shift toward the conduction band while 

Figure 35b) depicts a p-type semiconductor, with the Fermi level, shifted towards the valence 

band. 

Scanning tunneling microscopy (STM) and spectroscopy (STS) were carried out to 

analyze the sample’s topography and electronic behavior, using an Omicron-GmbH VT-STM, 

operating in constant-current mode at room temperature (300 K) and ultrahigh vacuum 

conditions (better than 2.0 × 10− 10 mBar). After the sample was introduced into the load-

lock vacuum chamber, it was heated up at 110 ◦C for 10 min for water degassing. STM/STS 

measurements were performed right after sample cooling to room temperature. dI/dV curves 

were measured using Stanford Model SR810 DSP Lock-In Amplifier, working at 3.000 KHz. The 

time constant was 100 ms and the sensitivity was set to 5 × 10− 4 V. The sin wave amplitude 

was set to 100 mV. Each tunneling spectrum presented in this work is an average value of five 

repetitions measured at the same position of the sample.   [94] 
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Figure 35. STS of a SnS platelet, with (c) indicating n-type conductivity and (d) indicating p-type conductivity. The band gap is 
defined by the region between the black triangles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. This figure shows a schematic representation of the tunneling process between the sample and the scanning 
tunneling microscope (STM) tip. The density of states (DOS) of both the tip and the sample are depicted, with the DOS of the 
tip assumed to be roughly constant. The tunneling phenomenon occurs due to the overlap of the DOS of the tip and the sample, 
resulting in a measurable current. This illustration was obtained from reference [94]. 
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Figure 36. The figure caption illustrates the arrangement 
of the specimen and electromagnetic lenses in a 
transmission electron microscope, where the signal is 
detected after the electron beam has transmitted through 
the sample. Figure from: https://emb-
iitk.vlabs.ac.in/exp/transmission-electron-
microscope/theory.html 

4.5 Transmission electron microscopy (TEM) and Selected area 

electron diffraction (SAED) 

 

Transmission electron microscopy (TEM) is a powerful tool for obtaining 

microstructural and sub-microstructural information, including atomic orientation from the 

diffraction pattern of crystals. TEM has a resolution of about 0.1 nm. The sample must be 

transparent to electrons for imaging and obtaining phase-orientation information. The TEM 

directs an incident electron beam onto the sample, and the resulting signal is captured after 

the electron beam has interacted with and passed through the sample, as shown in Figure 36. 

For transmitted electrons, the sample must be thin enough to allow electrons to pass through 

it. Electrons can be transmitted without any interaction or can be elastically or inelastically 

scattered. 
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To perform TEM, an electron gun that generates electrons and a set of electromagnetic 

coils that control the beam's size and shape, as shown in Figure 36. Thermionic (W-filament) 

and field-emission (using LaB6, CeB6 filaments) are used to generate electrons. The anode 

repels the electrons to constrict the diverging beam, while the set of electromagnetic lenses 

(condenser lens) focuses the beam on the sample. To stabilize and prevent damage to the 

sample upon electron beam irradiation, it is kept in a cold chamber (in liquid nitrogen 

condition). A liquid nitrogen dewar provides condensation of ionized atoms in the vicinity to 

avoid interference with the sample imaging and characterization. The electron beam passes 

through the electron-transparent sample and falls on the objective lens. The objective lens is 

the most important lens as it generates the first image of the sample, which is then magnified 

using the projective lens. 

The setup requires stable high voltage (ranging from 120 kV to 2 MV, with 200 kV 

typically used) and a high level of vacuum (10-6 to 10-8 torr). An electron gun generates and 

accelerates electrons to high energy. The resolution of TEM images (both bright field or dark 

field) and diffraction patterns depends on the electron wavelength, which is determined by 

the accelerating voltage. Increasing the accelerating voltage decreases the electron 

wavelength, which leads to higher resolution. Typical accelerating voltages are around 200 kV, 

while high-resolution TEMs may use up to 2 MeV energy (or 2 MV voltage).  

A set of electromagnetic lenses form a condenser system, which can be adjusted to 

provide a parallel or convergent beam for imaging or diffraction. The objective lens is the most 

critical component of the TEM system as it forms the first intermediate image, which 

determines the resolution of the final image. The diffraction and intermediate lenses can be 

switched to obtain either a diffraction pattern or an image. The projection lens then forms the 

second intermediate image, which can be either a diffraction pattern or an image. To ensure 

a clean column tube (typically a few millimetres in diameter) through which the electron beam 

passes, the sample is kept under cryogenic conditions (usually under liquid nitrogen). This 

prevents the ionised material from scattering and forming poor signals. A liquid nitrogen 

dewar is often used to maintain low temperature near the TEM specimen. The final image or 

diffraction pattern can be observed on a viewing screen or camera. 
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Figure 37. Ray-diagram that demonstrates the positioning of an aperture for obtaining either an image or a 
diffraction pattern. The figure a) shows the placement of the aperture to obtain an image, while the figure b) shows 
its placement to obtain a diffraction pattern (Figures from: https://emb-iitk.vlabs.ac.in/exp/transmission-electron-
microscope/theory.html). Figure c) shows a high resolution TEM image of Si(110)  and d) a selected area 
electron diffraction pattern (Figure from: https://www.toray-
research.co.jp/en/technicaldata/techniques/TEM.html). 

The principles of TEM imaging can be understood through the ray diagram shown in 

Figure 37. In TEM, the aperture is placed at the back-focal plane of the objective lens to 

produce images. On the other hand, placing the aperture at the image plane of the objective 

lens results in diffraction patterns. 
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A bright field image is obtained when the aperture is placed at the back-focal plane of 

the objective lens (Figure 37a), while a diffraction pattern is produced when the aperture is 

located at the image plane of the objective lens. The diffraction can be captured from a 

specific area, known as selected area diffraction (Figure 37b), which shows a pattern 

consisting of individual spots from a single-crystal region, rings from a nanocrystalline region, 

or scattered overlapping spots from several different crystals. The bright field image displays 

bright features and appears dark, and the length units obtained are typically in nanometers 

(nm) (Figure 37c). In contrast, the diffraction image is obtained in reciprocal space, where the 

units observed are typically 1/nm. The diffraction pattern depends on how the electron beam 

interacts with the matter and how many crystals interact to provide the resulting image. The 

symmetry of the actual crystal determines the final pattern obtained in the diffraction image. 
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Figure 38. This figure presents a schematic view of the optical train for a solar simulator, which comprises a number of 
components, including a xenon arc lamp, elliptical reflector, principal mirrors, AM 1.5G filter, homogenizer, shutter, condenser 
lens, and work plane. The xenon arc lamp serves as the light source, and the elliptical reflector is used to collect and redirect 
the light emitted from the lamp towards the mirrors. The AM 1.5G filter is employed to simulate the solar spectrum. The 
homogenizer is then used to achieve uniform light intensity, and the shutter is used to control the light output. Finally, the 
condenser lens is used to focus the light onto the work plane. This figure, obtained from reference [95], provides a 
comprehensive overview of the optical system utilized in the solar simulator. 

4.6 J-V characteristics system 

 

The diagram in Figure 38 displays the internal workings of a solar simulator illumination 

source and optical pathway. An elliptical reflector is utilized to direct light generated by the 

source toward the second focal point and the first mirror. This mirror is either full spectrum 

or dichroic and reflects the light downwards to create an efficient and compact optical 

pathway. To achieve the desired output spectrum, the mirror guides the light through a set of 

spectrum-shaping filters. The homogenizing lenslets ensure that the illumination is evenly 

distributed, and adjustable spacing lenslet arrays permit minor adjustments to the size of the 

illuminated field. The shutter, located after the spectral and illumination enhancers, prevents 

light from reaching the work area without turning off the illumination source. The second 90° 

reflector folds the optical path back to a vertical orientation, and the light travels through a 

condenser lens for final collimation. This produces a uniformly distributed irradiance at the 

work plane within the specified range of working distance. [95] 
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Figure 39.  The figure represents a schematic of the J-V curve experiment, which involves measuring the current-voltage (J-V) 
characteristics of a solar cell. The solar cell is illuminated by a xenon arc lamp, which provides different light intensities. The 
solar cell is connected to a probe station, which enables precise positioning of the cell and measurement of the electrical 
parameters. The probe station is connected to a sourcemeter that supplies a known voltage to the cell and measures the 
resulting current. The sourcemeter is then connected to a computer, which records the current-voltage data and constructs 
the J-V curve. This figure provides a simplified overview of the experimental setup used to measure the J-V curve of a solar cell 

The light generated by the simulator is aimed at the solar cell, connected to a probe 

station, at the workplace. The Keitlhey 2400 sourcemeter, which acts as a bipolar power 

supply, is also connected to the probe. The device can change the bias voltage direction from 

forward to reverse and vice versa. The process is carried out at different light intensities, 

including the AM1.5G configuration, both in the absence of light and under illumination. The 

measurement involves applying a range of voltages to the device and measuring the current 

flowing through it at each voltage. This is done using the sourcemeter, a highly accurate device 

capable of simultaneously supplying voltage and measuring current. This process yields a J-V 

curve measurement. Figure 39 shows a schematic of the J-V measurement setup used in this 

thesis that represents a Keithley 2400 power supply and solar simulator (Abet Gen II).  
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Once the functioning of the equipment has been understood, it becomes possible to 

comprehend the physical model of a thin film cell and its relationship to the measurement 

carried out in this work. Fundamentally, the thin film solar cell operates as a diode, requiring 

a p-n junction. Its current density-voltage (J-V) characteristics follow the ideal diode equation: 

 

                                      𝐽 = 𝐽0 [exp (
𝑞𝑉

𝑘𝐵𝑇
) − 1 ] − 𝐽𝐿 ,                                                  (3) 

 

where 𝑞 is the elementary charge, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute 

temperature, 𝐽𝐿 is the photocurrent generated and 𝐽0 is the reverse-saturation current 

density.  

 However, solar cells can experience losses that are not considered in the ideal diode 

equation, due to the presence of series and shunt resistances. The shunt resistance (𝑅𝑠ℎ) is 

responsible for the charge carrier recombination near the dissociation site, while the series 

resistance (𝑅𝑠) takes into account the average charge carrier mobility. Figure 40 depicts the 

equivalent circuit of a single junction thin film solar cell.[96] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40.  The equivalent circuit of a thin-film solar cell.  IL is the photocurrent generated in the cell and ID is the voltage-
dependent current lost to recombination. Reproduced from ref. [96]. 
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Figure 41. J-V curves illustrating the performance metrics: JSC, VOC and calculated fill factor. Figure from ref. [97]. 

 Considering the circuit above and the ideal diode equation, the solar cell adapted 

equation for J-V characteristics can be written as:   

 

                   𝐽 = 𝐽0  [𝑒𝑥𝑝 [
𝑞(𝑉−𝐽𝐴𝑅𝑠)

𝑛𝑘𝐵𝑇
] − 1] +  

𝑉−𝐽𝐴𝑅𝑠

𝑅𝑠ℎ𝐴
− 𝐽𝑝ℎ ,                                     (4) 

 

where 𝐴 is the active area of the device and 𝑛 is the ideality factor. Note that if 𝑅𝑠 = 0 and 𝑅𝑠ℎ 

= ∞, Eq. 4 -> Eq. 3 for the ideal case.  

 The J-V response curve of a solar cell is obtained by plotting the current density as a 

function of the voltage. This curve yields three useful parameters: short-circuit current density 

(JSC), open-circuit voltage (VOC), and fill factor (FF). JSC occurs at zero applied bias, VOC occurs 

when the current density is zero, and the fill factor is a measure of a device's deviation from 

the ideal maximum power, where Pideal = JSC × VOC. Figure 41 illustrates these three metrics, 

together with JMMP and VMMP, which represent the current density and voltage at the device's 

maximum power (MMP = max power point). [97] 
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Finally, the overall conversion efficiency of a solar cell can be calculated using the 

following equation: 

 

                                         𝜂 =  
𝑃𝑖𝑑𝑒𝑎𝑙 𝐹𝐹

𝑃𝑖𝑛
=  

𝐽𝑆𝐶 𝑉𝑂𝐶 𝐹𝐹

𝑃𝑖𝑛
 ,                                                   (5) 

 

where 𝑃𝑖𝑛 = 100 𝑚𝑊/𝑐𝑚2 corresponding to Sun power in AM1.5G configuration and FF = 

PMMP/Pideal. 
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4.7 External Quantum efficiency (EQE) system 

 

This section describes the operation of a quantum efficiency system, which involves 

several steps. The system utilizes a xenon lamp to produce broadband white light, a 

monochromator with a frequency chopper, and a lock-in amplifier. The monochromator is 

illuminated with continuous wavelength white light, and then generates monochromatic light 

of a specific wavelength using different optical techniques such as prism, bandpass filter or 

grating. The generated monochromatic light is modulated into a specific frequency AC light 

source by an optical chopper, and the radiation energy of the incident monochromatic light is 

calibrated using a photodetector. The same amount of incident photons is then illuminated 

on the solar cell under test, and the generated photocurrent signal is demodulated and read 

out by the lock-in amplifier. By dividing the incident photon energy and generated photon 

current, the spectral response value is obtained. The SR spectrum of the device under test is 

obtained by continuously changing the different wavelengths, and then the EQE spectrum is 

obtained by unit conversion. Figure 42 shows the system setup. In this theisis the EQE 

measurements were performed using a PV Measurements QEX10 system. Spectral response 

was measured between 300 and 1200 nm in dc mode with a step size of 10 nm and calibrated 

using a standard silicon reference solar cell. 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. A diagrammatic representation of the optical arrangement utilized in the EQE system. The system utilizes a xenon 
lamp to produce broadband white light, which is chopped at a frequency that can be detected by a lock-in amplifier. The 
modulated light is then directed through a monochromator to select a specific wavelength and reaches the solar cell device. 
The resulting signal generated by the solar cell is passed through the lock-in amplifier, which is modulated by the chopper 
controller to improve the signal-to-noise ratio. Finally, the processed digital signal is applied to the computer's processor for 
analysis. 
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Prior to conducting any measurements, it is necessary to calibrate the EQE system 

using a reference device. This calibrated reference device is essential for accurately measuring 

the EQE of the solar cell being tested. The calibration of the EQE system is crucial, as it involves 

comparing the quantum efficiency of the solar cell under test to the response of a calibrated 

silicon or germanium photodiode.  

 As mentioned, the EQE measures the fraction of photons that are converted 

into electrons by the solar cell. It is expressed as a ratio of the number of electrons generated 

to the number of incident photons on the solar cell per second: 

 

                                      𝐸𝑄𝐸 =  
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐𝑜𝑛𝑑

𝑝ℎ𝑜𝑡𝑜𝑛/𝑠𝑒𝑐𝑜𝑛𝑑
 .                                                          (6) 

 

EQE measurements are conducted at JSC, where the voltage across the cell is zero. 

It indicates the amount of photocurrent produced by the cell when it is illuminated by 

monochromatic light at different wavelengths.  The ideal EQE graph maintains a constant 

value across all measured wavelengths. However, the EQE for most solar cells suffers from 

external and internal losses, where charge carriers are not able to reach an external circuit. 

External losses refer to reflection and absorption in the optical stack of layers that come 

before the absorber. Differently, internal losses are due to incomplete absorption and 

electrical recombination effects that occur within the absorber layer. Figure 43 depicts the 

EQE for an ideal and crystalline silicon standard cell. 
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Figure 43.  Quantum efficiency spectra of crystalline silicon standard solar cell (green) and ideal ideal cell (dashed line). 
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5. Electronic gap stability of two-dimensional tin 

monosulfide phases: Towards optimal structures 

for electronic device applications 

 

5.1 Introduction 

 

In this work, we present a STM-STS and electron diffraction study of SnS platelets 

grown on highly oriented pyrolytic graphite (HOPG) using vapor phase deposition, which has 

already been established as a reliable growth technique for this compound[87,98–101]. These 

characterization techniques revealed the presence of two types of platelet-shaped SnS 

crystals. The first one consists of nearly square-shaped platelets with atomically flat surfaces 

(hereafter called flat platelets). The second type exhibits spiral morphology at the platelet 

surface, with height steps of a few atomic layers in their centers (hereafter referred to as spiral 

platelets). Flat platelets are previously known to correspond to the orthorhombic in the α-SnS 

phase[88] and we demonstrate here that spiral platelets are in the –SnS phase, which is 

cubic. This phase has been recently studied by several techniques, but a deeper understanding 

using a technique that is sensitive to both electronic and atomic structure (such as STM/STS) 

has not been performed so far [102–105]. The morphologic and electronic properties of SnS 

and its effects on physical properties are discussed in detail using an ensemble of 

complementary characterization methods. 

 

5.2 Experimental methods  

 

SnS isolated and spiral platelets grown on HOPG substrates and studied in this work 

were synthesized using vapor phase deposition. These substrates were chosen since they 

provide an atomically flat surface termination with suitable conductivity and known 
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spectroscopic response for STM/STS measurements. Additionally, HOPG provides a flat, 

weakly reactive surface condition, assuring that the SnS system phase and morphology 

depend mostly on the growth temperature [50,88,99,101].  The growth process was 

performed in a 110 cm long tube reactor with a diameter of 3 cm in a two-zone tubular 

furnace. The SnS powder source was acquired from MKnano with 99.5% purity and presented 

an undesired Sn2S3 phase. In order to eliminate this phase the powder was thermally treated 

at 500oC for 1 hour. The X-ray diffraction scans of the powder before and after the treatment 

indicated that the other spurious phase was eliminated and the treated material contains only 

the SnS phase according to ICSD number 52108, as shown in Figure 44. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to synthesize SnS platelets and films 600 mg of the purified SnS powder was 

placed at the center of the furnace hot zone (zone 1 – see Figure 45a) in an alumina boat. The 

HOPG substrate, with dimensions of 1.2 × 1.2 cm2, was placed at a distance of 8 cm 

downstream from the SnS source. The tube reactor was connected to a vacuum pump and 

Figure 44. XRD data of SnS heat treated powder (yellow), untreated powder (black) and XRD data for SnS taken from ICSD 
number 52108. The vertical red dashed lines indicate the peaks for SnS and the blue dashed lines present peaks for Sn2S3. 
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ultrapure argon was injected with a flow rate of 200 sccm for 20 min, to purge the chamber. 

Afterward, the argon flux was decreased to 110 sccm and the pressure was stabilized to 

approximately 72 Pa. Subsequently the furnace was heated with a 30-minute ramp to reach 

550oC at zone 1 and 250oC at zone 2. In this configuration, the temperature varied from 

approximately 550oC to 520oC along the HOPG substrate in the longitudinal axis direction(see 

Figure 45a). The system was heated for 10 min while SnS vapor was carried downstream and 

deposited on the substrate. Finally, the system was then naturally cooled to room 

temperature. The schematic of the synthesis is shown in Figure 45.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 45. a) Schematic representation of the experimental setup for growth of SnS samples. The vertical red and blue dashed 
lines indicate the regions where flat and spiral platelets appear, respectively. b) Measured temperature profile of the furnace 
along its horizontal axis for conditions used in this work. 
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5.3 Results and discussion  

 

Two major SnS morphologies observed in our samples, grown under temperature 

gradient conditions (see growth details in the experimental section), are shown in Figure 46a-

d. In the region of the substrate closer to the SnS source, where the temperature was 550oC, 

flat SnS platelets, with lateral dimensions of 1.5–3 μm and an approximately square shape, 

were formed (see Figure 46a). These platelets can be seen in better detail in the inset of Figure 

46a. The density of platelets increases in the regions further away from the source (with a 

smaller nominal temperature of 520oC). Spiral platelets with less homogeneous morphologies 

were observed (see Figure 46c). In the inset in this panel one of the spiral platelets is magnified 

for better visualization. Figure 46b and 42d present EDS analysis for SnS-isolated flat and spiral 

platelets, respectively. Sn:S atomic ratios close to 1:1 were retrieved in both cases, indicating 

that the synthesized materials have SnS stoichiometry, albeit the observed morphological 

differences. This indicates the absence of other sulfur-rich tin sulfide phases. The platelet 

thickness was later obtained for each phase using STM. We anticipate here that an average 

thickness of ~100 nm is found for flat platelets, which exhibit atomically flat exposed surfaces, 

while spiral platelets exhibit similar thicknesses but with surface steps ranging from 3 nm to 8 

nm. 
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Such variation in platelet morphology along the substrate surface can be attributed to 

the gas phase supersaturation [107]. In the region close to the SnS source, the supersaturation 

decreases the surface mobility of atoms. The SnS material produced in this region is forced to 

follow the registry of initial layers, resulting in defects whenever the stacking registry is lost 

(local compensation of stacking faults). Away from the SnS source, the saturation decreases, 

increasing the surface mobility of adatoms, which fills up possible vacancies and point defects. 

The imperfect registry is then compensated globally (and not locally) by the appearance of 

spiral-shaped steps. 

Figure 46. SEM images of HOPG with sample schematic representation of temperature gradient (colored square connecting 
images (a) and (c)) indicating temperature variation of ΔT = 30 ◦C between different regions of the substrate. a) HOPG region 
close to the source (higher growth temperature) with isolated SnS flat platelets. b) EDS spectrum of isolated flat SnS platelets. 
c) HOPG region futher away from the source, exhibiting spiral platelets with irregular shapes. d) EDS spectrum of spiral SnS 
platelets. In SEM figures scale bars are: a): 20 µm (inset: 5 µm) and c): 10 µm (inset: 5 µm). 
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In order to identify the compound formed in each region of the sample we have carried 

out micro-Raman measurements. Figure 47a shows a spectrum acquired at a single flat 

platelet, exhibiting characteristic peaks of the orthorhombic SnS phase [88]. On the other 

hand, the Raman spectrum measured on a spiral platelet shows broad peaks, decomposed in 

Gaussian contributions in Figure 47b. The resulting spectrum in this case is compatible with 

previous results on cubic SnS phase [105,108], indicating that a structural change may lead to 

distinct platelet morphologies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, according to the data presented in Figure 48, Raman spectra were 

obtained from various regions of the HOPG substrate. Where (a) is the farthest to de SnS 

source and (d) is the closest region. The number density of platelets increases in the regions 

further away from the SnS vapor source. The findings indicate that changes in temperature 

lead to a phase transition from -SnS (a) to -SnS (d). 

 

 

 

 

Figure 47. Raman spectra of the two types of platelets grown on HOPG. a) Raman spectrum of flat platelet where sharp peaks 
are observed at positions that indicate the formation of α-SnS phase. b) Raman spectrum of a spiral platelet (open dots), with 
background subtraction and cumulative fit peak (black line), showing frequency peaks (blue lines) that corresponds to π -SnS 
phase. 
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Figure 48. Optical microscopy of different parts of the HOPG substrate, where (a) is the farthest to de SnS source and (d) is the 
closest region. e)  Raman spectra measured at the marked squares represented in optical images. 
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Figure 49a shows an STM topographic image of an isolated SnS flat platelet, with 

an orthorhombic shape and lateral size of 2.3 μm (grown in the region shown in Figure 46a). 

This platelet presents the typical SnS shape which is commonly observed in previous works 

[88,109,110], with corner angles of ~85° and ~95° due to the preferential growth facets as 

discussed by Tritsaris et. al. using surface energy arguments [111]. 

                     In order to investigate the electronic behavior of these SnS flat platelets, tunneling 

spectra were measured at different points of the structure as depicted in Figure 49a. In Figure 

49b, one observes the tunneling spectra measured at the points marked with the blue and 

orange squares at the top of the platelet as depicted in Figure 49a. These spectra exhibit a 

semiconducting behavior, in agreement with the band structure of SnS. However, our results 

show an electronic band gap of 1.62 eV at the center and 0.85 eV close to the edge. As is 

known, STS measurements are proportional to the local electronic density of states of the 

sample surface. 

To further analyze this phenomenon, tunneling spectra were measured along 

selected paths to elucidate intermediate conditions across the platelet edge, as shown in 

Figure 49c. These results are depicted in Figure 49d for regions inside and outside the platelet 

(with a HOPG spectrum at the bottom). These measurements show a significant electronic 

bandgap variation along the edge, varying from 0.80 up to 1.62 eV. Figure 50 shows a guideline 

of how the bandgap is measured in the tunneling spectrum. Such behavior was also observed 

at different platelet borders. These results were corroborated by similar measurements taken 

from other platelets. The electronic band structure variation may be related to sulfur 

vacancies, tin vacancies, or other point defects. As reported by Jahangirli et al. [112], vacancies 

lead to dangling bonds on the neighboring atoms and result in a variation in the local density 

of states. 
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Figure 49. a) STM topography image of an isolated SnS flat platelet grown on HOPG with indications of the tunneling spectra 
taken (blue and orange square). b) Line profile of topography image Fig. 45a (white line) and STS measurements carried out 
close to the center (blue curve) and border (orange curve) of the platelet. c) STM image of platelet border with indications of 
line-scan tunneling spectra along the platelet border (colored squares). d) STS line-scan carried out along the platelet border. 
In these figures, scale bars are: a): 500 nm and c): 50 nm. 
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Vacancy formation plays also a crucial role in determining the conductivity type of 

the material. A majority of groups have measured PVD-grown SnS with p-type conductivity  

[14,98,100,101]. Such conductivity arises due to the presence of tin vacancy defects, which 

generate shallow acceptor-like levels [113]. Figure 51 presents tunneling spectra measured in 

two distinct parts of a single flat platelet. These platelets are found in isolated conditions, 

sketched in Figure 51a, or with neighboring flat platelets with a clear boundary, as represented 

in Figure 51b. Figure 51c depicts a tunneling spectrum typical of an n-type semiconductor 

behavior, while in Figure 51d, a p-type semiconductor behavior is retrieved. These behaviors 

are denoted by the Fermi level shift toward the conduction band and the valence band, 

respectively. 

Figure 50.  Typical scanning tunneling spectra measured at SnS sample, indicating how the band gap is defined. Inset figure is 
the equivalent I x V curve. 
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With the doping and bandgap information described in the previous paragraphs, 

we have carried out grid-like measurements that provide a mapping of these properties along 

a single flat platelet step. The region defined by a black square limit in Figure 52a and zoomed-

in Figure 52b was chosen for the analysis shown here. It provides an overview of two distinct 

platelets sharing a boundary represented by the white dashed line in Figure 52b. An electronic 

bandgap map Figure 52c) and a conductivity type map (Figure 52d) were performed by 

crossing the boundary between flat platelets, in a condition similar to the one sketched in 

Figure 51b. These plots evidence significant variations in both parameters. Bandgap mapping 

resulted in a grid with strong variations, ranging from 0.6 eV to 1.5 eV, without any clear 

correlation with the vicinity of the boundary between platelets or with one of the defined 

sides. Since for SnS platelets synthesized in this work, one cannot intentionally define p- or n-

type semiconductor behavior, the STS minima observed for different measured regions 

present a considerably strong non-deterministic shift. An approximately equal number of 

Figure 51. Schematic representation of flat platelets found in isolated condition (a) and with neighbor flat platelets with a 
clear boundary (b). STS of isolated SnS platelet indicating (c) n-type conductivity and (d) p-type conductivity. 
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spectra, denoting p- and n-type behavior was found for the mapped region (see Figure 52d). 

In both STS maps, we have denoted as “contact” grid elements in which a constant-slope curve 

was observed for a large bias range. Since grid measurements are automated, this condition 

is compatible with the response of physical contact between probe and sample (see Figure 53 

for spectra details).  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 52. a) STM imaging of a step on a flat SnS platelet. b) Zoomed-in STM image of platelet step (domain boundary 
highlighted by the white dashed line). c) Electronic band gap map and d) conductivity type map carried out along the platelet 
step with black dashed line indicating the platelet border. Grid elements in (c) and (d) referred as “contact” indicates positions 
in which the tip established physical contact with the sample. In these figures, scale bars are: a): 500 nm and b): 200 nm. 
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On the opposite side of the same substrate (where the synthesis took place at a 

lower temperature of 510oC), SnS spiral platelets were grown, as shown in Figure 46c. An STM 

topographic image is shown in Figure 54a and Figure 54b (zoomed-in image). These platelets 

exhibit the previously mentioned spiral structure, with monolayer steps. Such structure shape 

may result from the growth of cubic SnS along the (111) direction. In this axis, the stacking of 

adjacent SnS layers is irregular, due to the irregular hexagonal symmetry observed in the unit 

cell [further discussed in Figure 57 (g - h)]. Besides our topographic studies, STS analyses were 

also carried out for SnS spiral platelets. Figure 54b shows the representation of STS spectral 

line scans measured at a chosen path across a spiral platelet. The tunneling spectra (Figure 

54c) also exhibit a semiconducting behavior, but with a small electronic gap variation. 

Figure 53. Scanning tunneling spectra and I x V curve (inset) measured at SnS sample, indicating the physical contact between 
the tip and the sample. 
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Similarly, for the procedure used in Figure 52, an electronic bandgap map and a 

conductivity map were also produced for the spiral platelets (see Figure 55). Unlike flat 

platelets, spiral platelets exhibit STS minima denoting a vast majority of semiconducting n-

type behavior and a much more homogeneous electronic bandgap along the surface. Such 

homogeneity condition is mandatory for the development of applications that depend on 

both electronic properties.  

 

 

 

 

Figure 54. a) STM topography image of SnS spiral platelets. b) Zoomed-in STM topography image of the spiral platelet defined 
by a black square limit in Fig. 50a with indications of tunneling spectra taken along the surface (colored squares). c) Line 
profile of topography image Fig. 50b (white line) and STS line-scan carried out along the platelet surface. In this figure scale 
bars is: a): 1000 nm and b): 500 nm. 
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An overall statistical result over several platelets of each type is provided by the 

histograms of Figure 56. Near 100 platelets were probed for the flat (103 platelets) and spiral 

(98 platelets) platelet shapes. The retrieved gaps for each phase are shown in Figure 56a and 

Figure 55. a) STM imaging of a step on a spiral SnS platelet. b) Zoomed-in STM image of spiral platelet. c) Electronic band gap 
map and d) conductivity type map carried out along the platelet surface with black dashed line indicating the platelet border. 
In these figures scale bars are: a): 1000 nm and b): 500 nm. 
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52c, exhibiting a narrower distribution for the cubic phase (spiral platelets), centered at 1.7 

eV. Similar histograms of the Fermi level shift (doping type) were also produced. In these 

results, shown in Figure 56b and 52d, spiral platelets exhibit a narrow distribution centered at 

-0.15 eV, indicating better stability of the cubic phase. Platelets with the orthorhombic phase 

show broad and less defined distributions for gap and Fermi level shift energy values, which 

impacts their suitability for device fabrication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to assure the crystal structure of both types of platelets, TEM and SAED 

measurements were performed in a group of 10 platelets of each kind. In Figure 57a, TEM 

results obtained for a typical SnS flat platelet are shown. The dark fringes seen from the 

platelet are likely due to the bending of the structure and are common to very thin materials. 

Figure 56. Normalized histograms of electronic band gap and doping type distribution for flat platelets (a and b) and spiral 
platelets (c and d), respectively. 
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A zoomed-in TEM image shows the crystallographic orientation of SnS flat platelet in Figure 

57b. The diffraction pattern presented in Figure 57c corresponds to the SAED measurement 

from the same flat platelet shown in Figure 57a. The indices shown in this figure are consistent 

with the [0 0 1] zone axis, corresponding to the orthorhombic c-axis of the α-SnS phase. It 

reveals that these rectangular structures are single crystalline and consistent with the α-SnS 

phase [114], as represented in Figure 57d. 

In Figure 57e, a TEM image of a spiral platelet is shown. We observed an 

inhomogeneous morphology, which is the result of a combination of several individual smaller 

platelets. Figure 57f, which is a zoomed-in TEM image of Figure 57e, shows these small 

platelets are in different crystallographic orientations and phases (α-SnS and π-SnS). Different 

platelets exhibited different SAED patterns. Figure 57g presents a SAED measurement at the 

region delimited by the blue line in Figure 57f, with a hexagonal diffraction pattern that 

enabled us to unambiguously determine the correct phase of SnS. We observed that this SAED 

measurement corresponds to the pattern produced by the less common π-SnS cubic phase in 

the [1 1 1] direction, as reported recently by several authors [105,115]. The atomic structure 

of the cubic phase in [1 1 1] orientation is presented in Figure 57h, with a red dashed hexagon 

that delimits the SnS atoms with the same format and corroborates the SAED analysis. In both 

cases, the lattice parameters were retrieved with values compatible with reference 

crystallographic data [116], with a = 0.3978 nm, b = 0.4251 nm, and c = 1.1082 nm for the 

orthorhombic phase (α = β = γ = 90o) and a = 1.1506 nm for the cubic phase. 
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Figure 57.  TEM results for both flat (a, b, c, d) and spiral (e, f, g, h) platelets. Fig. 53a and 53e show bright field images of 
sample pieces containing flat and spiral platelets, respectively. Fig. 53b and 53f are zoomed-in images of Fig. 53a and 53e, 
respectively. Fig. 53c and 53g present the respectives SAED patterns, indicating that flat plaletets are orthorombic single 
crystals grown in the [001] direction as well as the cubic crystalline phase in the spiral platelets, measured at region delimited 
by blue line in Fig. 53f, grown in the [111] direction. Unit cells of orthorombic and cubic ([111] direction) SnS phases are shown 
in Fig. 53d and 53h, respectively. The red dashed hexagon presented in Fig. 53h delimits SnS atoms in [111] direction that form 
a hexagon. In these figures scale bars are: a): 2 µm, b): 10 nm, c): 10 1/nm, e): 1 µm, f): 20 nm, g): 10 1/nm. 
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5.4 Conclusions 

 

In summary, we have synthesized flat and spiral two-dimensional platelets of SnS 

on a HOPG substrate using vapor phase deposition. EDS and Raman analysis evidenced the 

absence of other stoichiometric SnxSy phases, while SEM images allowed us to examine the 

microstructure of the samples. The topographical and electronic properties of the grown 

structures were studied by STM and STS techniques. Tunneling microscopy measurements 

revealed the occurrence of flat and spiral SnS platelets. Tunneling spectroscopy 

measurements evidenced a significant and undesirable variation of electronic bandgap and 

conductivity for flat platelets. On the other hand, spiral platelets grown at lower synthesis 

temperatures present better homogeneity of bandgap and conductivity values. Raman 

spectroscopy, TEM, and SAED measurements demonstrated that the two types of platelets 

are composed of different SnS structural phases, albeit with the same stoichiometry. Flat 

platelets are in the α-SnS phase and spiral ones are in the π-SnS one. These results corroborate 

the STS analysis that indicated that spiral platelets are in the π-SnS phase, with an energy band 

gap of ~1.7 eV [115]. 

The observed local electronic bandgap variation and doping fluctuation of flat 

platelets (α-SnS) may be the most significant cause of the low efficiency of SnS solar cells 

[14,66,100]. In contrast, the π-SnS phase, due to its homogeneous bandgap and doping, is of 

potential interest for the production of more efficient SnS-based solar cells and other 

optoelectronic devices. 
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6. Experimental demonstration of an 

environmental-friendly solar cell based on two-

dimensional materials GeS and SnS2 

 

6.1 Introduction 

 

The search for new materials for the production of solar cells has recently become of 

utmost importance due to the need for environmentally friendly energy. At the same time, 

the discovery of novel two-dimensional materials has opened the opportunity for alternative 

solar cells. In particular, the manufacturing of these devices may be facilitated by the ease of 

production of two-dimensional semiconductors using simple experimental techniques. In this 

work, we have produced a novel environmentally friendly solar cell based on germanium 

sulfide (GeS) and tin disulfide (SnS2). We have used a simple vapor transport method to 

produce layers with nearly atomically flat surface steps. We have first characterized these 

materials using STM and energy dispersive electron spectroscopy (EDS). We found that 

stoichiometric films of these two materials can be easily produced. STS measurements 

showed that the electronic properties (concerning both bandgap and conductivity type) of the 

films are close to those expected for bulk materials. The measured electronic bandgaps are 

especially uniform close to those expected by theoretical modeling. Scanning electron 

microscopy (SEM) cross-sectional images revealed the thickness of the device’s layers. Solar 

cells using these materials and gold/indium tin oxide (ITO) as contacts have resulted in stable 

solar cells.  These results were based on the density of current versus voltage (J-V) 

measurements and time-dependent photocurrent response. Remarkably, our solar cells 

present an intense quantum efficiency (QE), where the crystalline silicon solar cells exhibit a 

diminished response. Therefore, the use of optimized tandem GeS/SnS2-silicon solar cells may 

render cost-effective environmentally friendly devices. 
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6.2 Experimental methods 

 

N-type SnS2 buffer layers grown on ITO/glass substrates and studied in this work were 

synthesized using vapor phase deposition. The process was carried out in a 110 cm long tube 

reactor with a diameter of 3 cm in a two-zone tubular furnace. The SnS powder source was 

acquired from MKnano with 99.5% purity and presented an undesired Sn2S3 phase. In order 

to suppress this phase, the powder was thermally treated and purified at 500oC for 1 h. This 

procedure was previously optimized and is discussed in detail in ref[88]. To synthesize SnS2 

films, 500 mg of the purified SnS powder was placed at the center of the furnace hot zone 

(zone 1) in an alumina boat. An ITO/glass substrate, with dimensions of 2 × 2 cm2, was placed 

at a distance of 8 cm downstream from the SnS source. The tube reactor was connected to a 

vacuum pump and ultrapure argon was injected with a flow rate of 200 sccm for 20 min, to 

purge the chamber. Afterward, the argon flux was decreased to 110 sccm and the pressure 

was stabilized to approximately 10-1 torr. Subsequently, the furnace was heated with a 30-

minute ramp to reach 500oC at zone 1 and 250oC at zone 2. In this configuration, the 

temperature was found to vary from 550oC to 520oC along the substrate in the tube 

longitudinal axis direction. The system was heated for 10 min while SnS vapor was carried 

downstream and deposited on the substrate. Finally, the system was naturally cooled to room 

temperature. 

A similar process was used to deposit a p-type GeS absorber layer on the SnS2 buffer 

layer to obtain a p-n heterojunction. GeS crystals were synthesized through the Bridgman-

Stockbarger method. The crystals were transformed into powder and used as precursors to 

vapor phase deposition. The GeS powder was placed at the center of the furnace hot zone 

(zone 1) in an alumina boat. The ITO/glass substrate, covered with SnS2 film, was placed at a 

distance of 7 cm downstream from the GeS source. The tube reactor was connected to a 

vacuum pump and ultrapure argon was injected with a flow rate of 200 sccm for 20 min, to 

purge the chamber. Subsequently, the argon flux was decreased to 50 sccm and the pressure 

was stabilized in 3.0 × 10-1 torr. The furnace was then heated with a 20-minute ramp to reach 

450oC at zone 1 and 250oC at zone 2. The system was heated for 10 min while GeS vapor was 
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carried downstream and deposited on the substrate. Finally, the system was naturally cooled 

to room temperature. The devices were completed by depositing contact metal pads of Au by 

evaporation. 

 

6.3 Results and discussion 

 

GeS and SnS2 films grown as described in the experimental methods section by vapor 

phase deposition were first analyzed by STM and EDS techniques. Figure 58a and 60b present 

the STM topographic images of both films with indications of height profiles taken along the 

black and red lines. The black line height profiles indicate a step height of 0.52 nm for GeS 

(Figure 58c) and 0.60 nm (two steps of 0.30 nm) for SnS2 (Figure 58d) along the paths marked 

in the STM images. GeS step value corresponds to a monolayer of atoms (see Figure 15a), 

while for the SnS2 a bilayer is measured (see Figure 17a). Furthermore, height profiles along 

the red lines of STM images indicate a step height of 1.04 nm (two steps of 0.52 nm) for GeS 

(Figure 58e) and 0.90 nm (three steps of 0.30 nm) for SnS2 (Figure 58f) that correspond to 

bilayer and trilayer stacks, respectively. These values are in good agreement with the lattice 

parameters of both materials [22,117]. These results were corroborated by EDS analysis. 

Figure 58g and 55h depict the EDS spectra of GeS and SnS2, respectively. Ge:S and Sn:S atomic 

ratios close to 1:1 and 1:2 were retrieved, respectively, indicating that the synthesized 

materials have GeS and SnS2 stoichiometry and the absence of other undesired phases. 
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Figure 58. STM and EDS analysis of GeS and SnS2 films. a) and b) show the STM topography images of GeS and SnS2 films with 
indications of height profiles extracted along the black and red lines. c) and d) height profiles retrieved along the black lines 
in STM images, indicating a monolayer step for GeS and bilayer step of atoms for SnS2, respectively. e) and f) height profiles 
taken along the red lines in STM images, presenting a bilayer for GeS and trilayer of atoms for SnS2, respectively. EDS spectra 
of (g) GeS and (h) SnS2 films. In this figure, scale bars (white lines) are a): 10 nm and b) 20 nm. 
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In order to investigate the electronic behavior of GeS and SnS2 films, tunneling spectra 

were measured in several points of both films as depicted in Figure 59. Figure 59a presents 10 

representative tunneling spectra (color lines) that were taken along the GeS film surface and 

their average value (thick grey line). These spectra indicate the electronic behavior of a p-type 

semiconductor, denoted by the Fermi level shift toward the valence band. Furthermore, an 

electronic bandgap of 1.28 eV is retrieved, and delimited by the red triangle (bottom of the 

conduction band) and the green triangle (top of the valence band).  On the other hand, for 

SnS2, 10 representative tunneling spectra (colored lines) and their average (thick blue line) 

indicate an n-type semiconductor behavior (Figure 59b), with the Fermi level, shifted towards 

the conduction band. The electronic bandgap (~ 2.27 eV) was also measured similarly to GeS 

and it agrees with expected experimental values [26]. Using these results we built an energy 

level diagram presented in Figure 59c, allowing us to visualize the band positions along the 

interface between the GeS and SnS2. 
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Figure 59. STS of (a) GeS and (b) SnS2 films. Color lines 
show individual measurements. The thick line in each 
panel represents the average value of these curves, 
indicating (a) p-type GeS films and (b) n-type doping for 
SnS2 films. The green and red triangle indicate the 
bottom of the conduction band and the top of the 
valence band, respectively c) Schematic energy level 
diagram of GeS and SnS2 based on tunneling spectra. 
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The structure of the final single pn junction solar cell (Au/p-GeS/n-SnS2/ITO/glass) 

is presented in Figure 60, with a (a) schematic diagram and a (b) cross-sectional SEM image of 

the device. Given the interesting properties previously described for GeS, it was taken as the 

absorber layer. The GeS layer thickness is about 1000 nm (Figure 60b), which was shown to 

be enough to absorb most of the incident light [17]. As shown in Figure 59c, the SnS2 layer 

presents energy band positions that couple well with energy band positions of GeS, forming a 

p-n junction with an optimal band offset that facilitates the charge collection by the 

electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 60. a) Schematic representation of GeS/SnS2 solar cell structure showing Au contacts atop a p-type GeS layer that 
interfaces an n-type SnS2 layer. The system is deposited on a glass substrate covered with an ITO thin film. The cell is illuminate 
from the bottom side of our representation (yellow arrows). b) Cross-sectional SEM image of a device structure. In this figure, 
scale bar is b): 1000 nm 
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Figure 61a shows the systematic variation of J-V curves of a GeS solar cell grown 

for this work, with respect to the illumination intensity of a solar simulator. The result includes 

the dark condition and the standard AM1.5G illumination (100 mW cm-2). Forward and reverse 

curves show no hysteresis. The device presented here exhibits a short-circuit current density 

(JSC) of 15.8 Acm-2, an open-circuit (VOC) of 0.42 V, a fill factor (FF) of 24%, and a conversion 

efficiency () of 0.0008%. We also measured the current of our device as a function of time 

under the AM1.5G illumination. The result is shown in Figure 61b, where 5 cycles of 

alternating behavior of the current with the light on and off. The reproducibility of 

photocurrent values indicates the high stability of the device.  

Changes in solar cell parameters (JSC, VOC, FF, ) with respect to the amount of GeS 

powder used during the deposition process are summarized in Figure 62a-d. These results 

indicate that the amount of powder has a significant influence on the device’s performance. 

Some parameters are modified non-monotonically for the sample series. While VOC decreases 

from 0.42 to 0.007 V and FF increases from 24 to 32% with the amount of GeS powder. JSC 

initially decreases significantly from 2000 to 1.15 Acm-2 as the amount of powder increases 

from 10 to 30 mg. decreases from 0.002 to 0.000075% along the 10 to 30 mg range. In 

contrast, albeit all these variations, Tauc plots, depicted in Figure 62e, show identical bandgap 

values, independently of the used GeS film thickness. Band gaps for our devices were 

calculated from these Tauc plots using the equation (h)2 = K (h - EGAP), where K is a 

constant, h is Planck’s constant,  is the frequency of incident photon, and  = 

absorbance/thickness. This analysis leads to similar results for electronic bandgap to 1 m, 

600 nm and 500 nm, indicating bulk-like behavior. 

The resulting low solar cell efficiency in our prototype cells must be overcome by 

detailed studies with respect to crystalline domain size, interface quality, and band alignment 

between the two materials. These issues are known to facilitate photoelectron 

recombination, reducing the JSC current density. Other optimization issues may arise from 

growth processes (that may require additional refinement), as well as from the electrode 

interfaces, which must be optimized for the thin film morphology obtained in our depositions. 
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Figure 61. a) J-V curves of GeS device in dark and under different light irradiance, including AM 1.5G illumination. Reverse 
curves are represented by dashed lines. b) Time-dependent photocurrent response of the device recorded by alternating bright 
and dark conditions with AM 1.5G illumination. 
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Figure 62. Effect of amount of GeS powder on device parameters under 1-sun illumination for a) VOC, b) JSC, c) FF and d)  e) 
Tauc plots of GeS/SnS2/ITO/Glass with different estimation GeS film thickness. 
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Figure 63 shows the solar spectral irradiance at AM1.5G (black) overlapped with 

the measured quantum efficiencies of our device (GeS/SnS2) (blue) and standard calibrated 

crystalline silicon (c-Si) (green) solar cell. c-Si solar cells exhibited a broad response in the 

range of 300 – 1000 nm. Importantly, the GeS/SnS2 device presented an intense response in 

the vicinity of 400 nm, which corresponds to long-wave ultraviolet (UVA) radiation, where the 

c-Si device had its quantum efficiency response reduced. These results indicated that if these 

two cells were put together in tandem cells, one could expect high QE values in a wide range, 

improving the overall performance of a combined cell with respect to their original junctions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63. Solar spectral irradiance at AM 1.5G overlapped with measured quantum efficiencies (QE) of GeS/SnS2 and standard 
calibrated crystalline silicon (c-Si) solar cells. 



99 

 

   

 

6.4 Conclusions 

 

In summary, we have produced a solar cell based on environmentally friendly 

materials (GeS and SnS2) using a relatively simple vapor phase deposition method. The 

topographical properties of both films were studied using STM and correlated to the phases 

discussed here. Chemical composition was corroborated by EDS analysis, indicating the 

absence of undesired phases for both films. The energy bandgap and conductivity type of each 

material were measured using STS. SEM cross-sectional images allowed us to measure film 

thickness. In addition, the photovoltaic properties were analyzed for the GeS/SnS2 device by 

varying the GeS thickness. The optimization of the device structure demonstrates that the 

absorber thickness is 1000 nm. This configuration produces an open circuit (VOC) of 0.42 V, a 

short circuit current density (JSC) of 15.8 Acm-2, a fill factor (FF) of 24%, and conversion 

efficiency ( of 0.0008%, under AM1.5G illumination. Quantum efficiency (QE) measurements 

of GeS/SnS2 device evidenced high-energy photon absorption near the long-wave ultraviolet 

(UVA) radiation of 400 nm. Considering the crystalline Si cells response in the range of 300-

1000 nm with diminished QE for values below 450 nm, our results indicate that GeS/SnS2 can 

be used as the front cell of tandem devices complementarily to c-Si. This results are a proof of 

concept for a prototype environmentally friendly based on GeS and SnS2, Cd-free solar cells. 

They can be made of two cost-effective binary compounds synthesized by green processes, 

answering the actual challenge of the use of low-toxicity compounds. 
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7. Summary and Outlooks  

 

 In this thesis, a combination of experimental techniques was used to investigate the 

synthesis and the structural and electronic properties of SnS, GeS, and SnS2. Additionally, a 

solar cell based on a GeS/SnS2 heterostructure was developed and thoroughly characterized.  

In summary, the initial project presented here aimed to investigate SnS grown on 

HOPG substrates. No other SnxSy phases were detected through EDS and Raman analyses. 

Additionally, SEM images were used to examine the microstructure of the samples. Scanning 

tunneling microscopy revealed the occurrence of flat and spiral SnS platelets. While tunneling 

spectroscopy measurements demonstrated a noteworthy and unfavorable variation in the 

electronic bandgap and conductivity for flat platelets, spiral platelets, grown at lower 

temperatures, exhibited better uniformity in bandgap and conductivity values. Raman 

spectroscopy, TEM, and SAED measurements confirmed that the two types of platelets consist 

of distinct SnS structural phases, despite sharing the same stoichiometry: -SnS and -SnS. 

These set of results indicates that the observed variations in the bandgap and doping levels of 

the flat platelets may be the primary reason for the low efficiency of SnS solar cells. 

 In the second project, a new type of solar cell using GeS and SnS2 was developed. Our 

findings indicated that producing stoichiometric films of these two materials is a simple 

process. These materials were investigated with STS, which revealed that the electronic 

properties, including bandgap and conductivity type, of the films are comparable to those of 

the corresponding bulk materials. The thickness of the device layers was measured through 

cross-sectional images obtained by SEM. Once the electronic and structural properties of 

these materials were characterized, a prototype solar cell with an Au/p-GeS/n-SnS2/ITO/glass 

structure was fabricated. Despite its low efficiency, the solar cell has demonstrated stability, 

as confirmed by J-V measurements and time-dependent photocurrent response. 

Furthermore, our solar cells display a high quantum efficiency near long-wave ultraviolet 

radiation of 400 nm, while the response of crystalline silicon solar cells is reduced for values 

below 450 nm. This suggests that optimized tandem GeS/SnS2-silicon solar cells could provide 

a cost-effective and environmentally-friendly option for use on Earth's surface. 
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 The results obtained here suggest numerous avenues for additional research and 

experimentation. Specifically, regarding the SnS platelets, there is still potential to refine the 

recipe for synthesizing both the  and  phases in a precise manner. By altering the growth 

variables such as pressure, annealing temperatures, and deposition time, it would be possible 

to investigate how these nanostructures react to such changes. One possible approach to 

verify this would be to analyze STM images of the as-grown samples. Additionally, by analyzing 

atomic resolution STM images, it would be possible to gain a deeper understanding of the role 

played by Sn and S vacancies, as well as other surface defects in SnS and how these factors 

prevent a better performance of -SnS-based solar cells and consequently, optimize them. 

Regarding the work on GeS/SnS2 solar cells, it would be beneficial to conduct studies 

on the interfacial defect states present at the interface between these two materials, using X-

ray photoelectron spectroscopy and diffraction. Such defects can act as recombination 

centers, which can negatively affect the rectification of the J-V curve and ultimately diminish 

the device's performance. Hall effect measurements could provide insights into the doping 

density of both the GeS (holes) and SnS2 (electrons) films. Utilizing this information, one could 

explore the correlation between the doping density and the observed VOC loss in our device. 

By enhancing the quality of the films and contacts, it may be possible to improve these 

parameters, as well as the FF, through the synthesis process. Furthermore, introducing an 

intermediate layer between the SnS2 film and ITO may enhance adhesion, alleviate tensile 

strain, and improve the quality of the interface contact. 
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