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Abstract 

 

This thesis ‘’An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for 

Applications in Energy Harvesting Devices’’ encompasses a range of research areas. The 

report can be divided into two categories: The first is the design of novel heavy tin 

chalcogenide complexes and compounds that demonstrate the recent advances in main group 

chemistry and act as potential precursor candidates for CVD processes. The second category 

follows on from the previous, and focuses on materials deposited and their successive 

development, characterisation and optimisation for device applications.  

Subsequently, an array of metal chalcogenide thin films have been deposited and 

characterised within this project. By designing of a number of the tin chalcogenide precursors 

and precursor solutions it has been possible to selectively deposit thin films of Sn, α-SnS and 

cubic-SnS polymorphs, SnS2, SnSe, and SnTe via a low-cost deposition route known as aerosol 

assisted chemical vapour deposition (AA-CVD). It is proposed that the processes developed in 

this PhD can be adapted to deposit a wider spectrum of metal chalcogenide materials using 

cost effective techniques.  

Even though there is a wide scope of the possible applications for the aforementioned 

materials, the study has only been extended towards the characterisation of the 

optoelectronic properties of phase pure α-SnS and cubic-SnS samples, and SnS2 thin films 

deposited onto FTO, Mo and graphene substrates. The optimum deposition parameters for 

the application of these materials has been defined. In collaboration with a research group at 

the Institut de Recerca de Energia de Catalunya (iREC), Barcelona, Spain, an extended study of 

the photovoltaic properties of the α-SnS and Cubic-SnS samples is also presented, from which 

a series of SnS based thin film photovoltaic devices have been fabricated and characterised. 

This study present some of the few reports explicitly comparing the PV properties of the two 

α-SnS and Cubic-SnS polymorphs.  
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analysis 

EDS 
Energy dispersive (X-ray) 

Spectroscopy 
UV Ultraviolet 

SEM Scanning electron microscopy IR Infra-red 

TOF-MS Time of flight mass spectroscopy ASU Asymmetric Unit 

TEM Transmission electron microscopy FT Fourier transform 

TCO Transparent conductive oxide VT Variable temperature 

AZO Aluminium doped zin oxide RMM Relative molecular mass 

ITO Indium doped tin oxide FET Field Effect Transistor 

FTO Fluorine doped tin oxide LED Light emitting diode 

FWHM Full width at half maximum RAM Random access memory 

n-type 
Negative charge carrying 

semiconductor 
p-type 

Positive charge carrying 

semiconductor 

VB Valence band CB Conduction band 

PD Photodetector AM Air Mass 

Decomp. Decomposition Temp.   

ZB Zinc blende BE Binding energy 
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Abbreviation  Abbreviation  

TU Thiourea DCM Dichloromethane 

HMDS Hexamethyldisilazane DMSO Dimethyl sulfoxide 

THF Tetrahydrofuran TSC Thiosemicarbozide 

CZTS/Se 
Copper zinc tin disulphide or 

diselenide, Cu2ZnSnS4/Se4 
Moly Molybdenum 

CIGS 
Copper indium gallium selenide, 

CuInxGa(1-x)Se2 
Ph- Phenyl, -C6H5 

CIS Copper indium selenide, CuInSe2 
tBut- Tertiary-butyl, -C(CH3)3 

CGS Copper gallium selenide, CuGaSe2 Adam- Adamantyl, -C10H15 

Me- Methyl, -CH3 Mes- Mesityl, -C9H11 

Et- Ethyl, -C2H5 Cy- Cyclohexyl, -C6H11 

Ch Chalcogen – S, Se or Te iPr- Iso-Propyl, -CH(CH3)2 

MCh Metal chalcogenide RMS Root mean square 

ASTM 
American Society of Testing and 

Materials 
JCPDS 

Joint Committee on 

Powder Diffraction 

Standards 

IUPAC 
Internal Union of Pure Applied 

Chemistry 
ORTEP 

Oak Ridge Thermal 

Ellipsoid Plot 

PENDANT 

Polarization enhancement 

nurtured during attached nucleus 

testing 

TSMC 
Taiwan Semiconductor 

Manufacturing Company 

ZT 
Thermoelectric dimensionless 

figure of merit 
  

Mag. Magnification S-Q Limit Shockley-Queisser limit 

Meso- Mesoporous i- Intrinsic semiconductor 

IV Current vs. Voltage JV 
Current Density vs. 

Voltage 

TFET Transparent field effect transistor   

IPCE 
Incident photon-to-current 

conversion efficiency 
DSC 

Differential scanning 

calorimetry 

at. % Atomic percent (Elemental)   
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List of Symbols 

 

 
 

Symbol Quantity  Units 

A Area/ Electromagnetic radiation absorption cm2/- 

α Orthorhombic SnS/ Absorption Coefficient -/cm-1 

B Band tailing parameter  - 

b Spectral flux density Js-1cm-1eV-1 

b.p. Boiling point oC 

d Film Thickness nm 

D Diffusion coefficient cm2s-1 

E Electrode potential/ Electron Energy V/eV 

Efb Flat-band potential V 

Eg Band gap eV 

Eredox Standard reduction potential of the electrolyte species V 

f Lattice misfit percentage % 

FF Fill factor % 

h,k,l Miller indices - 

hv Photon energy eV 

I Current A 

I Light intensity Js-1cm-1eV-1 

I0 Source light intensity Js-1cm-1eV-1 

J Joules/Current Density J/Acm-2 

Jmax Maximum current density at Pmax of a PV device W, J/s 

Jsc Calculated AM 1.5 short circuit current density Acm-2 

LC Minimal rational lattice constant Å 

Ln Minority carrier diffusion length µm 

m Mass kg 

[M] Concentration moldm-3 

MR Relative molecular mass gmol-1 

m.p. Melting point oC 

η Solar conversion efficiency % 

n Sample Film refractive index - 

n0 Refractive index of air - 

ns Refractive index of the substrate - 

Tg Glass Transition Temperature oC 
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Symbol Quantity  Units 

Na Acceptor concentration cm-3 

Nd Donor concentration cm-3 

π 
Denoted to the cubic-SnS polymorph/  

π bonding interactions 
-/- 

P Power W, J/s 

P Pressure mbar 

Pmax Maximum solar power generation W, J/s 

Pinput Total power input W, J/s 

ρ Density gcm-3 

Q Charge C 

q Electronic charge/charge density C/Ccm-2 

R Gas constant (8.314)/ Recombination velocity 
Jmol-1K-1/ 

cms-1 

Rms Root mean square nm 

Ev/b Energy of the Valence/ Conduction Band Edge eV 

Rs Series resistance Ω 

Rsh Shunt resistance Ω 

T Temperature/Transmission oC/% 

t Time s,min 

v Frequency s-1 

V Potential V 

V Volume cm3 

Voc Calculated AM 1.5 open circuit voltage mV 

Vmax Maximum voltage at Pmax of a PV device W, J/s 

Vs Sulfur vacancy - 

VSn Tin vacancy - 

W Space charge region width nm 

x Distance cm 

Y Index for transition type ½,2 

Z Atomic number - 

δ NMR Chemical shift ppm 

ε0 Vacuum permittivity Fm-1 

εr Sample permittivity - 

θ Diffraction angle o 

λ Wavelength nm 

σ σ bonding interactions - 

φ External quantum efficiency % 
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It is required for humans to produce and develop new technologies to meet the demands of 

our future.  As a result of significant achievements within medicine and agriculture the past 

45 years has witnessed the world’s human population almost double, currently standing at 

around 7.4 billion.1 Such rapid expansion in human population has never been witnessed in 

the history of our planet. The increasing number of people, with expansive globalisation and 

our dependence on fossil fuels has resulted on huge demand for energy and increasing 

pressure on the world’s natural resources.  We have reached a point, where the future of our 

planet will heavily depend on the decisions and the achievements we make in the next few 

years.  

An area that requires radical advancement, is the way in which we produce and consume 

energy. Historically, we have relied heavily on fossil fuels to meet our energy demands, 

however, with the fact that these energy resources are finite, insecure and polluting, nations 

are beginning to invest into renewable energy technologies as reliable and secure energy 

sources. The development of renewable technologies can allow us to generate power without 

consumption of finite energy sources that increase net CO2 emissions.  

One significant and very promising renewable technology is photovoltaics (PV). A PV device 

allows us to directly convert the energy from sunlight into electrical energy. The huge 

potential for PV’s to produce surplus amounts of non-polluting power is now being 

established. Currently the field of PV research is devoted to improving efficiencies, lowering 

emissions and costs from manufacturing of modules and changing the amount of toxic or 

scarce elemental components used. To be able to achieve any significant progress in the field 

of renewable technologies, a vast number of issues and challenges at both the fundamental 

and engineering level need to be addressed. At the fundamental level it may include exploring, 

understanding and developing novel materials and testing their potential applications in such 

technologies. 

 

Chapter 1: Introduction 
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This thesis is concerned with one particular family of metal chalcogenides semiconductor 

materials, which have been used in the development of a class of thin film inorganic PV devices 

since the 1960’s. We will not only focus on the fabrication of low cost and abundant 

semiconductor materials for PV technologies, but also explore the fundamental chemistry 

underlying low temperature and low cost deposition routes capable of producing high quality 

thin film metal chalcogenide materials.  

Being able to produce semiconductor materials is important, however the processes by which 

they are produced is just as significant. In order for something to be truly sustainable, a holistic 

consideration must be acknowledged. Where possible, the main motivation of this project is 

to design and optimise green chemistry inspired deposition routes, towards thin film 

semiconductors. In general, green chemistry is based on a set of principles which reduces or 

eliminates the use of or generation of hazardous substances in the design, manufacture and 

application of chemical products.2 Overall the motives are to (i) lower the amount of toxic 

chemicals and solvents, (ii) design safe procedures which are easy to implement and scale up, 

and finally (iii) lower the energy cost, which may include lowing the energy loss from 

manufacturing process.  

Fundamentally in order to achieve sustainable development one must have a sustainable 

approach to the research challenges, as shown in Figure 1.1. 

  

Figure 1.1:  Overview of the sustainable approach undertaken in this PhD. 

 

Select materials which are non-
toxic or contain in-expensive 

components 

Test their applications either by 
characterising their properties or building 

prototype devices 

Develop new low cost chemical 
routes for the highly selective 

fabrication of materials  

Explore the quantum, nano, macro- 
and bulk scale properties of novel or 

interesting materials  
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1.1 Semiconductors 

The foremost reason that the binary metal chalcogenides, such as SnS2, SnSe or SnTe, are of 

interest in this thesis is because they possess semiconductor properties. These properties can 

be exploited for a wide range of applications, such as infra-red detectors, thermoelectrics, 

light emitting diodes, photo-catalysis and transparent conductors and not applicable to just 

thin film PVs. 

Band Theory and Band Structure 

By definition a semiconductor material possess electrical properties, which fall between a 

conducting material, such as copper or graphene and an insulating material such as glass 

(SiO2). To understand the electronic distribution in condensed solid state materials, chemists 

often consider a simplified progression. Firstly, the electrons in single atomic orbitals mix to 

form occupied and unoccupied molecular orbitals, and these are subsequently extended to 

form many overlapping energy levels in a three dimensional solid. These extended energy 

levels become completely degenerate and subsequently form bands of allowed energy state 

that an electron can occupy throughout the lattice of a material (Figure 1.2). The valence band 

edge (VB, Ev) is the highest range of electron energies where valence electron reside, 

equivalent to the highest occupied molecular orbitals (HOMO) in a molecular system. The 

conduction band edge (CB, Ec) is often at higher energies above the VB and possesses states 

where negative mobile carriers (electrons) are able to conduct (move along the crystal lattice) 

due to low energy transition between neighbouring ‘unoccupied’ states. The bands 

themselves will contain specific number of available quantum states per interval of energy, 

the number of states available for electrons to occupy in a band is known as the density of 

states ([No. of states/cm3]/eV).   

Figure 1.2: Simple model for band formation in solid state materials. From a single 
atomic orbital/ energy level (n = 1), to extended molecular bonding orbitals (n=2-1000s) 
to bands electronic states within solid state materials (n = ∞). 
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These states are considered as continuous in solid state materials and not discrete energy 

levels as is perceived in molecular systems. The energy gap between the VB and CB states 

determines whether the material is a conductor, semiconductor or insulator. A conductor will 

have overlapping valence and conduction bands by which electron transfer from VB to the CB 

states is a low energy process and electrons can freely move along the material with low 

resistance (~10-8 Ω cm). However, when there is an energy gap between the VB and CB, a 

bandgap (Eg) is formed. Within this bandgap, the density of states equals zero. Therefore 

electrons within the material cannot occupy states at these energy levels (unless a small 

number of defects states are generated within the material at these energies).    

An insulator will possess a large bandgap (~5.5 eV and above) and little to no electrons will 

possess energy to transfer into the conduction band, where the thermal energy at 300 K of 25 

meV is clearly insufficient. A semiconductor will have smaller bandgaps than an insulator, 

ranging from 5.5 eV (diamond) to as low as 0.12 eV (SnTe). To understand how a 

semiconductor can possess both conductive and insulating properties an understanding of the 

electron distribution within the band structure must be discussed.   

 

 

 

 

 

 

 

 

 

  

Figure 1.3: A simplified illustration comparing the band gap energies of an insulator, 
semiconductor and metal.  
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Fermi Level 

The best value which describes the position of electrons within the energy bands of a material 

is the Fermi level energy (EF). At zero kelvin the Fermi level is the maximum kinetic energy of 

an electron in a system or material. At all states below this point the probability of being 

occupied by an electron is 1 (at 0 K). The Fermi level is positioned at half the band gap for an 

intrinsic semiconductor (when the effective density of states at the CB and VB edge are equal). 

Furthermore, at 0 K, electrons do not possess enough energy to be promoted into the CB and 

remain within the VB, therefore the semiconductor will act like an ‘insulator’ and will impose 

a high electrical resistance. Above 0 K, electrons gain thermal energy and the electron 

probability distribution, around the Fermi level, is determined by the Fermi-Dirac distribution 

using the Fermi function: (Equation 1.1) 

f(E) =  
1

𝑒(E− EF)/𝑘𝑇 + 1
 

Where E is a particular energy (on the vacuum energy scale), Ef Fermi level and kT is the 

thermal energy at a specific temperature.   

So for an intrinsic semiconductor at room temperature, 297 K, the probability distribution of 

electrons will begin to extend across the band gap with a range of ~ 50 meV. With increasing 

temperatures electrons (e-) gain enough energy to cross the band gap, populate states within 

the CB and are able to conduct through the lattice. Correspondingly a loss of a promoted 

electron from the valance band will result in an electron hole (h-) or unoccupied state in the 

VB, which is able to migrate (conduct) along states in the VB. Both these species are known as 

charge carriers which allow for conduction in a semiconductor. When a semiconductor is 

heated it is clear that the number of charge carriers will increase as the probability distribution 

for electrons/ holes extends across the CB and VB. Semiconductors therefore, become more 

conductive at increased temperatures. It is also important to note that with increasing 

temperature the Fermi level position remains constant (at the centre of the band gap for an 

intrinsic semiconductor) and it is where the probability of an state occupied by an electron is 

50%. 

 

(E.1.1) 
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Doped Semiconductors 

We can now discuss another significant property of semiconductors, which is that they can be 

doped. It has not yet been explicitly mentioned, but an un-doped semiconductor is known as 

an intrinsic (i-) or compensated semiconductor and the probability of occupied and 

unoccupied states in the CB and VB, are often equal. Doping of a semiconductor causes the 

number electrons to increase or decrease within the solid state system and can be achieved 

by off-stoichiometry’s, dopant impurities or defects, resulting in the concentration of negative 

and positive charge carriers no longer being equal. A semiconductor doped with excess 

negative electron carriers is referred to as an n-type semiconductor (negative conduction 

type). Furthermore semiconductors doped with deficient electron carriers are referred to as 

a p-type semiconductor (positive conduction type). N-type doping can be achieve by adding a 

small concentration (ranging from 1013 cm−3 - 1018 cm−3) of extrinsic dopants, known as donor 

dopants, such a fluorine (Group XVII) to SnO2 forming n-type fluorine doped tin oxide or 

arsenic (Group XV) in crystalline silicon to form n-type Si:As, these dopants contain excess 

electrons which do not contribute to bonding the crystal lattice, as a result they occupy states 

within the conduction band and the overall electron concentration increases. Another dopant 

mechanism can be achieved through defect formation which can be extrinsic or native to a 

semiconductor at room temperature, for example SnS2 is an n-type semiconductor due to the 

formation of sulphur vacancies (VS) at room temperature.3  

In contrast, p-type doping can be achieved by adding electron deficient dopants or the 

formation p-type doping defects, known as acceptor dopants, for example boron (Group III 

Figure 1.4:  Illustration of density of states and electron energy position for a) a metal, b) a 
semiconductor and c) an insulator. Eg, Band gap energy (eV) and EFermi Fermi level. Blue 
density of electron occupied states and Red density of un-occupied states 
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element) is added to crystalline silicon to form p-type Si:B or SnS is p-type due to the 

intrinsic formation of tin vacancies (VSn).3, 4  

The higher concentration of charge carrier type, either being electrons or holes, is known as 

the majority carrier and the lower is the minority carrier, such that, within an n-type 

semiconductor electrons are the majority carriers and electron-holes are the minority carriers. 

Doping Density and Position of the Fermi Energy 

Another practical interpretation of the Fermi level is that it simply represents the chemical 

potential of electrons in a system when it is at thermodynamic equilibrium. The Fermi level is 

generally set on an energy-scale referenced against a standard chemical potential or the 

vacuum energy level. Since the Fermi energy represents the 50% probability of an electron 

occupying an electronic state, understanding the position of a Fermi energy within the band 

gap of a semiconductor will help you understand the probable distribution of electrons/holes 

or occupied/unoccupied states in a material.  

The position of the Fermi energy in the band gap is shifted depending on the doping of the 

semiconductor. When a semiconductor is doped n-type the Fermi energy moves up in energy 

closer to the CB edge, since the greater number of electrons within the material increases the 

average energy distribution of electrons, similar to the classical  Maxwell-Boltzmann 

distribution for kinetic energy of particles in a closed system. In contrast, the Fermi energy is 

lowered and becomes closer to the VB when a semiconductor is doped p-type. Figure 1.4, 

illustrates these effects in n- and p- type semiconductors.  

 

 

 

  

Figure 1.4:  Band structure and Fermi levels of a) a p-type semiconductor and b) an n-type 
semiconductors with a high doping densities. Eg and EFermi are the semiconductor band gap 
energy and Fermi level, respectively. The cumulative probability distribution of an 
occupied/ unoccupied states (> 0K) is also schematically presented to illustrate the 
distribution of occupied electron states in relation to the Fermi level.   
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The relationship between the Fermi level (EF), band gap (Eg) and density of charge carriers (ni 

or pi) can be approximated by the Boltzmann functions for an intrinsic material:  

 

𝑛𝑖 ≈ 𝑁𝑐𝑒𝑥𝑝 [−
𝐸𝐹 − 𝐸𝑐

𝑘𝑇
] 

𝑝𝑖 ≈ 𝑁𝑣𝑒𝑥𝑝 [−
𝐸𝑣 − 𝐸𝐹

𝑘𝑇
] 

 

Where ni and pi carrier concentrations of electrons and holes in an intrinsic semiconductor, Nc 

and Nv are the effective density of states (in cm-3) at the lower edge and top edge of the CB 

and VB, respectively, and Ec and Ev are the electron energies of the CB and VB edge. 

Furthermore, k, is the Boltzmann constant and T, is the temperature of an intrinsic 

semiconductor. 

When the Fermi energy is at the centre of the band gap (i-Semiconductor) and the density of 

states at the CB and VB edges are approximately the same, therefore the product of nipi will 

be a fundamental constant for a given semiconductor with a certain band gap (Eg) and can be 

used to determine the carrier concentration: 

 

𝑛0𝑝0 = 𝑛𝑖𝑝𝑖 = 𝑛𝑖
2 ≈ 𝑁𝑐𝑁𝑣𝑒𝑥𝑝 [−

𝐸𝑔

𝑘𝑇
] 

 

For a typical intrinsic semiconductor, such as undoped silicon, the situation is that the product 

of np is close to 1020 cm-6, the carrier concentrations of electrons (ni) is 1010 cm-3 at 300 K, and 

the densities of states at the CB or VB (Nc and Nv) are approximately 1019 cm-3. It is then clearer 

to see that following this classical Mass Action Law (Boltzmann Approximation), the product 

of np or ni2 is constant for a given semiconductor and depends on the effective density of 

states at the band edge (N), the bandgap (Eg) and temperature (T), and independent of the 

Fermi energy. Furthermore, it is assumed however much the semiconductor is doped (i.e. ni + 

Nd), ni
2 will remain constant.5 

(E.1.2) 

(E.1.3) 

(E.1.4) 
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Conductivity, Carrier Concentration, Mobility and Drift Velocity in Semiconductors 

The conductivity in a semiconductor is proportional to both the carrier concentration and 

carrier mobility (µ, cm2/V·s). Carrier mobility is how quickly a carrier can move through a 

material when pulled by an electric field of a given magnitude and is determined by the type 

of material and the properties of a given sample. A carrier mobility for a typical thin film 

semiconductor (~1-2 µm) is >1 cm2V-1s-1 for a good quality sample. In most cases, especially in 

photovoltaics, high mobility of majority and minority carriers leads to better device 

performance.6 The conductivity of a semiconductor is given by:  

𝜎 =  �⃗�  . (𝑛𝑒 . µ𝑒 + 𝑛ℎ . µℎ)  

Where µe and µh are the mobility of electrons and holes, respectively, and ne and nh electron 

and hole carrier concentrations, respectively. 

If a material has a high concentration of carriers and high mobility then the material is highly 

conductive. As discussed above the carrier concentration can be affected by temperature, 

band gap and doping density, where for highly doped materials the carrier concentration (ni 

or pi) is practically identical to the concentration of dopants (ND
-/+) at room temperature. The 

carrier mobility is inversely proportional to the degree of charge carrier scattering within a 

material, which can be dependent on the impurity concentrations (including donor and 

acceptor concentrations), defect concentration, temperature, the lattice arrangement, hole 

migration energies, applied electric field, and electron and hole concentrations. Furthermore, 

the net mobility of carriers (Drift velocity, cm/s) is dependent on the size and direction of an 

applied electric field (E, V/ cm⃗⃗⃗⃗  ⃗). 

 

 

 

 

 

  

(E.1.5) 

Figure 1.5:  Comparison of a FCC lattice a) in real space containing a Wigner–Seitz cell 
(yellow) and b) inverse space with the first Brillouin Zone (green).  
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Indirect and Direct Band Gap 

A semiconductor can possess a direct or indirect band gap. To understand the differences 

between them a band structure plot of the material under investigation can be generated (see 

Figure 1.6). 

In order to interpret band structure or energies of individual electronic states we take 

advantage of the periodic nature of a crystal lattices and their symmetry. The energy levels 

steadily change in k space forming a smooth band of states. Band structure plots present the 

energy dispersion of electronic states (En(k)) at different energy levels (n), along special 

symmetry vectors within reciprocal space (k) and effectively represent all the electrical states 

in a perfect crystal of a given material.  The Wigner–Seitz cell and first Brillouin Zone are the 

smallest cells that can define the periodical and symmetrical nature of a crystal lattice in real 

space and reciprocal space, respectively (see Figure 1.5). Figure 1.5 shows the Brillouin Zone 

constructed from a face centre cubic (fcc) lattice, the same Bravais lattice adopted by ZnS, 

Diamond or Silicon. High symmetry points/ vectors within the Brillouin zone primitive cell are 

assigned Greek letters such as Γ, Δ, or Σ, where Γ is often chosen to be at the centre of the cell 

and points on the surface of the cell are assigned capital Roman letters A, U or X.7 

In band structure plots we see the pseudopotentials, En(k), from values of k along vectors 

connecting between points within the Brillion zone, the results give a comprehensive 

representation of the distribution of electronic states within an inverse lattice. 8 

The energy scale of a band structure plot is often referenced at zero against the Fermi level. 

For semiconductors the VB states will exist at energies ≤ 0 eV and CB states ≥0 eV and often 

presents the significant high energy VB band orbitals and lowest CB orbitals. The band gap of 

a semiconductor can be determined from the difference between the highest point in VB 

states and the low point in the CB state.  You can determine whether a material possesses a 

direct or indirect band gap: 

A direct band gap semiconductor has the lowest CB state on the same k point (directly above) 

as the highest VB state, as seen for GaN (see Figure 1.6.a). 
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An indirect band gap has the lowest CB state not on the same k point highest VB state and 

therefore an electron will need to possess enough energy and change in momentum to 

transition between these states, as seen in Si (see Figure 1.6.b). 

 

 

 

 

 

 

 

Silicon is an indirect semiconductor because the maximum of the VB (at Γ) does not coincide 

with the minimum of the CBd. These properties of a band gap have significant importance in 

determining the optoelectronic properties of a semiconductor and dictate how photo excited 

charge carriers are generated in PV devices (discussed further in chapter 5). 

Many theories, and methods can be implemented to calculate the band structure of a 

semiconductor. In most cases density functional theory (DFT) is carried out as a computation 

method by which the single-electron Schrödinger equation is solved for an electron at 

different quantum numbers, for further reading refer to Electronic structure : basic theory and 

practical methods.9 In addition angle resolved photoemission spectroscopy (ARPES) 

experiments can be undertaken to directly determine both the momentum and energies of 

electronic states experimentally.10  

Photo-carrier Generation and Recombination 

Photo-carrier generation is when a photon of a given energy interacts with a semiconductor 

and promotes electrons from the VB into the CB. This results in formation of a photo-

generated electron-hole pair. The existence of these photo-excited charge carriers is 

momentary and eventually undergo recombination. When photo generated electrons and 

holes recombine, the excited high energy state of the electrons ceases to exist. Depending on 

Figure 1.6:  Band structure plots of a) GaN and b) Si demonstrating the difference between 
band energies for a direct and indirect band gap semiconductor, respectively. Notice the 
difference in energy scale.   
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the recombination mechanism, electron-hole recombination results in a loss of energy, 

generating an emission of light (luminescence) or release of thermal energy into the 

semiconductor. These processes are very important for semiconductor used in optoelectronic 

applications, such as light emitting diodes (LEDs) or solar cells.  Most importantly, for 

photovoltaic research, are the processes that assist the recombination of photo generated 

carriers. Figure 1.7 illustrates the process of photo-carrier generation in a semiconductor and 

the major electron-hole recombination processes. 

 

 

 

 

 

 

 

1.2 Binary Metal Chalcogenides 

This thesis looks at the selective formation of binary metal chalcogenide semiconductor 

materials. Although all group 16 elements are chalcogens, the noun ‘’chalcogenide’’ (Ch) is 

commonly reserved for compounds containing at least one element of either sulphur, 

selenium or tellurium, negative two plus anions (polonium is mostly disregarded due to it 

extremely low abundancy and metallic properties). The family of metal chalcogenides (MCh) 

covers a wide variety of materials which can satisfy a spectrum of current and potential 

applications within electronics and optics, such as, ion-sensitive electrodes, solar energy 

harvesting, fuel cells, high temperature superconductors, batteries and catalysis.   

Subsequently, due to the sheer complexity and number of possible stoichiometric ratios, 

elemental components, and possible polymorphs as well as morphological forms that this 

family of materials can exhibit, combined with each having varying chemical, optical and 

Figure 1.7:  Photo-carrier generation and recombination processes in a semiconductor. 
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electrical properties, this study is restricted to binary tin chalcogenides (SnS, SnS2, SnSe and 

SnTe) and their deposition.  

By carrying out a study to design effective precursors to produce phase pure binary metal 

chalcogenide materials, it creates an initial and well defined route to selectively deposit metal 

chalcogenides on a large scale. In addition, the development and selective deposition of binary 

systems can be transferred to the production of complex ternary, quaternary or even higher 

order materials with the same degree of control for other main group or post-transition metal 

group elements with similar chemical behaviour. Finally, the precursor design may be 

transferable to wider number of metal chalcogenide materials across the periodic table, that 

require delicate control over the growth conditions, elemental stoichiometry’s and oxidation 

states.   

Although tin is the 49th most abundant element on earth the elemental availability is relatively 

high. Tin is broadly available across geo-political boundaries and there are no localised global 

reserves, making it a widely available resource to mine in the near future. However, 

predictions suggest that the long term availability of mined tin is expected to last for only 40 

more years, the rate of recycling of scrap tin has been increasing in the recent years since the 

price of tin remains high and recycling methods are relatively inexpensive. Furthermore the 

stock piles of tin are large throughout the world.11  

Interestingly, there have been many calculations on tin and other earth abundant elements 

(Zn, Cu or Fe), examining the impacts caused by their utilisation in commercial semiconductor 

applications. For example, Cyrus Wadia and co-workers produced an interesting report on the 

effects of elemental availability and production on the large scale deployment of thin film 

inorganic photovoltaic devices. They examined a number of variables, including materials 

extraction costs, prospective/ realistic device efficiencies and elemental availability and 

production in order to present a clear review on the impacts of deploying PV devices on a 

scale that would meet U.S. and global energy demands. It was clear that use of tin, among 

other metals such as iron, copper and zinc, in thin film PV devices on a large scale will not 

significantly threaten global reserves and the production of these resources. However, it was 

clear that the less abundant chalcogenides Se and Te were less viable to use in the large scale 

deployment of PV devices. 12, 13 
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1.3 Chemistry of Tin 

As a consequence of increasing atomic number, as you progress down a periodic group it 

becomes increasing more difficult to remove core electrons from the valence ns2 orbitals 

compared to any electrons available in np2 orbitals. This inertness of the ns2 electrons is a 

result of relativistic contraction by which the s-orbitals are stabilised more by the increased 

electromagnetic force of heavier elements. Furthermore, the interpenetration of s-orbitals 

and successive shielding of the outer p-orbitals causes further destabilisation of these outer 

electrons.  This becomes clear when we look at the group 4 ionisation potentials i.e. the 4th 

ionisation potential of Pb (4083 kJmol-1) is greater than that of Sn (3930 kJmol-1). Not only 

does it become more difficult to remove 4 electrons from the heavier elements, but also the 

stabilisation energies by the formation of an increasing number of bonds weakens due the 

larger atomic radii and decreased over-lapping of molecular orbitals. This phenomenon is 

known as the inert pair effect. 

Interestingly, tin is within a unique position where compounds in the 2+ and 4+ oxidation 

states are just as frequent; although the 4+ oxidation state is more thermodynamically stable, 

for example SnO will disproportionate to SnO2 and Sn at high temperatures.14, 15 

Herein the main focus of discussion will be around binary IV–VI semiconductor systems, with 

SnCh or SnCh2 compositions. 

Figure 1.8:  Annual electricity production potential for 23 inorganic photovoltaic materials. 
Known economic reserves and annual production are taken from the U.S. Geological Survey 
studies.8 Total U.S. and worldwide annual electricity consumption are presented.7 
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1.4 Tin Chalcogenides 

The chalcogenides generally form -2 anions and possess two sterically active lone pairs, which 

become less prominent as you go down the group. Tin chemistry is dominated by the dual 

valency of the metal to form metal chalcogenide materials in 2+ and 4+ oxidation states. 

Therefore, the tin chalcogenide chemistry is subjugated by either the tin mono-chalcogenides 

such as stannous-oxide (SnO), -sulphide (SnS), -selenide (SnSe) and -telluride (SnTe), or the tin 

di-chalcogenides, such as stannic-oxide (SnO2), -sulphide (SnS2) and -selenide (SnSe2)   

Intermediate phases such as Sn2Ch3 (e.g.Sn2S3)16 or Sn3Ch4 (e.g. Sn3O4)17, 18 and SnS1-xSex
19 or 

SnS2-xSex
20 which contain a mixture of Sn(II) and Sn(IV) oxidation states and mixture of the 

chalcogenide elements, respectively, have also been reported. Interestingly, SnTe remains as 

the divalent phase, possibly a result of reduced oxidative potential of tellurium and low bond 

dissociation energies of the large tin and tellurium atoms.  

The stability of structural phases and electrical properties of the diverse number of possible 

materials formed by binary tin chalcogenides, give rise to their utilisation in a number of 

different applications (Figure 1.9).  

 

 

 

 

 

 

 

 

 

Figure 1.9:  Schematic depiction presenting the overall decrease in band gaps of binary 
mono- and di-valent tin chalcogenide materials from oxides to tellurides.  
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1.4.1 SnO and SnO2 

Although the tin oxides are not the focus of this thesis, it is useful to discuss their materials 

properties to establish an understanding of the general trends in tin chalcogenide material 

series.  SnO2 is the thermodynamically more stable of two common tin oxides and it adopts 

the rutile structure, with six-coordinate tin atoms bound to three-coordinate oxygen atoms. 

The unit cell of tin(IV) oxide is tetragonal and the P42/mnm space group with the lattice 

constants a=b=4.74 and c=3.19 Å. SnO2 is a wide band gap semiconductor 3.6 eV and is 

therefore visibly transparent with low absorption of photon energies between 1.7−3.1 eV. The 

electron density within the structure has been shown to be localised around the oxide anions 

due to large electron affinity of oxygen. Therefore SnO2 can be considered as simple valence 

compounds containing metal ions with ns0 and oxide anions with 2s2 2p6 valence electron 

configurations, which causes a large band gap to arise. The VB edge consists of a large 

localisation from the density of states associated within the O 2p6 orbitals, resulting in the 

Fermi level just above the VB. Furthermore this causes a low mobility of holes, which is often 

the case in metal oxide materials and leads to them forming unipolar n-type semiconductors 

and difficult to make p-type. With SnO2, intrinsic dopants, such as 2.5% fluorine can be used 

to raise the Fermi level near or within the CB generating n-type transport characteristics. 

Subsequently, low cost fluorine doped tin oxide (FTO) is utilised as a class of materials, called 

transparent conducting oxides (TCO). Today TCOs have increasing widespread applications, 

such as top contact layers in photovoltaics or LEDs or optical amplifiers and touch screens.21 

SnO2 also has been used in number of other important applications such as catalysis,22 gas 

sensors23 or low emissivity coating for glass (e-glass).24 

 

 

 

 

 

 

SnO2 
(Rutile) 

 

SnO 
(Litharge) 

 

a) 

Figure 1.10:  Tetragonal crystal structures of a) rutile SnO2 and b) litharge SnO. 

 

b) 
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The less stable stannous oxide (SnO) has recently drawn a lot of interest due to its potential 

applications as a desirable p-type TCO.25, 26 SnO forms a black-brown compound, with a wide 

band gap from 2.5 to 3.3 eV and exhibits a litharge structure in the solid state similar to PbO.27 

The unit cell is tetragonal, with the space group P4/nmm and the lattice constants are 

a=b=3.80 and c =4.84 Å.28 The crystal is a highly anisotropic layered structure, with layers 

running along the plane formed by b/c axes (100), and planes are separated by terminal Sn 

atoms. Since tin is in the 2+ oxidation state the structure is heavily influenced by the non-

bonding Sn 5s2 electrons, which behave as a stereo active lone pair occupying the planes 

within the layered structure. Density functional theory (DFT) of SnO shows that the higher 

energy region of the VB consists of Sn 5s, Sn 5p and O 2p components at equivalent energies. 

Subsequently the VB is formed from the hybridisation of O 2p and Sn 5s orbitals with a 

dominant contribution of the Sn 5s orbitals and relatively small O 2p constituent at the VB 

maximum. The delocalisation of states in the VB enhances hole mobility, subsequently SnO 

demonstrates excellent p-type behaviour.26  

1.4.2 SnS and SnSe 

Although, the divalent tin (II) mono-sulphide and –selenides possess a number of polymorphic 

forms, they typically crystalize as the α-SnS and α-SnSe phases. These assume similar 

structures, which are anisotropic, double-layered orthorhombic crystals related to the mineral 

herzenbergite, with the Pnma space group. The lattice parameters for α-SnS are a=11.44, 

b=4.03 and c =4.40 Å and α-SnSe a=11.74, b=4.21 and c =4.57 Å. Both materials undergo a 

second order phase transition to the β- (HT-Cmcm) phase at high temperatures, 825 K for SnSe 

a) 

Figure 1.11:  Crystal structure of α-SnS at different orientations a) and b). The seven 
coordinate tin centre is highlighted in a). 

 

α-SnS 

b) 
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and 905 K for SnS. The SnCh7 polyhedron becomes less distorted and the planes align so that 

Sn atoms position directly above each other.29,19 α-SnS is characteristically a p-type 

semiconductor with a direct band gap of ~1.32 eV, an indirect band gap of ~1.1 eV and appears 

as a greyish black material. 30-32 The properties of α-SnS have made it a very attractive as an 

inexpensive, environmentally benign light harvesting layer in advanced thin film photovoltaics 

research, and the research activities in this area are discussed further in Chapter 5. 

SnSe is also commonly p-type with a smaller indirect band gap of ~0.90 eV and direct band 

gap of ~1.30 eV. A contraction of the SnSe band gap to 0.39 eV is observed in the high 

temperature Cmcm phase.33 Since SnSe and SnS are isomorphous they can easily form stable 

mixed stoichiometric materials through simple anion substitution, making it possible to 

engineer the optical, electrical and thermal properties of the materials.19 In addition H. Wei et 

al. demonstrated the possibility of tuning the band gaps between 0.92 to 1.24 eV by 

controlling the ratio of S:Se from high selenium (SnS0.05Se0.95) to low selenium (SnS0.95Se0.05)  

content, respectively.34  

The layers within α-SnS and α-SnSe structures run parallel to the plane of the b-c axes [100] 

(Figure 1.11) and held together by weak van der Waals forces and weak orbital interactions, 

which provides an intrinsic chemically inert surface without dangling bonds and surface 

density states.  As with stannous oxide the inter layer gap consists of the stereo active lone 

pair on the Sn(II) cation. The Sn2+ cation coordinates to 6 chalcogenide anions in an 

unsymmetrical geometry (Figure 1.11).  These features increases the reactive stability of these 

materials.35 Furthermore, the anisotropic nature of these lattice systems can be exploited in 

a number of applications, such as ion intercalation anode/ solid electrolyte materials for 

energy storage36-39 or low dimensional transistors.40   

One significant application of this property has been demonstrated in thermoelectric devices 

consisting of α-SnSe. M. G. Kanatzidis, et al have recently characterised the ultrahigh power 

factor and thermoelectric performance of SnSe single crystals at elevated temperatures (923 

K). Their work highlights the interesting features of these binary structures, such that the 

electrical conductivity and thermoelectric performance is highly dependent on orientation of 

the SnSe crystal/lattice. Along the b/c (100) planes they see high electrical conductivity (~102 

Scm-1-) and low thermal conductivity (<0.4 Wm-1K-1) which is highly desirable for 
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thermoelectrics. Interestingly however, perpendicular to the b/c plane (along the a-axis) 

electrical conductivity significantly decreases (101 Scm-1). This group measured the 

thermoelectric performance of α-SnSe single crystals across different axes of the crystal 

lattices. Along the b-axis they report an unprecedented thermoelectric dimensionless Figure 

of merit (ZT) of 2.6 at 923 K, and a ZT of 2.3 along the c-axis, but a significantly reduced 

thermoelectric performance along the a-axis with a ZT of 0.8.33  These values are remarkably 

high for a binary materials and for further reading and understanding of ZT (the unit less figure 

of merit used in thermoelectrics) please refer to Nanoscale Thermoelectrics by X. Wang et al.41 

These results are exciting since the thermoelectric properties of  the simple binary SnSe 

system closely compete with the state-of-the-art materials,  such as Yb14MnSb11,42 Ag6TlTe5,43 

and AgSbTe2,44 which contain less abundant elemental constituents less viable for larger scale 

applications.            

The significantly low thermal conductivity of SnSe (<1 Wm-1K-1) is attributed to the distorted 

SnSe7 polyhedra influenced by the stereo active lone pair of Sn2+ and a zig-zag accordion-like 

geometry of slabs in the b–c plane. These features cause ‘giant’ phonon scattering, which 

arises from the anharmonicity of phonons, which increase phonon scattering rates, 

consequently decreasing the ability for phonons to propagate and lowering  the thermal 

conductivity of the bulk material.45 

In addition the high electrical conductivity in-plane (100) is caused by the low carrier scattering 

probability along the plane. Between the planes the electrical conductivity is low as there is a 

smaller carrier mobility’s through the layered structure (direction of the a-axis), as a result of 

i) ii) 

Figure 1.12:  Diagram depicting the variations in thermal and electrical conductivity in 
different lattice planes of α-SnSe. There is a significantly high electrical conductivity and low 
thermal conductivity (giant phonon scattering) along the i) b-axis and ii) c-axis.  

α-SnSe α-SnSe 
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high scattering rates, weak interlayer bonding interactions and atomically restricted carrier 

pathways. (See Figure 1.12)  

However, to be able to take advantage of the thermoelectric properties of SnSe on a large 

scale, orientated macroscale crystals need to be grown, since poly crystalline samples have 

been shown to have significantly lower ZT values.46 Furthermore, during syntheses secondary 

phase formation exist result in the formation of hexagonal SnSe2 impurities, therefore highly 

selective routes for large oriented crystal formation need to be developed.47 

Isomorphous materials exhibit the similar axis dependant electrical properties, SnS has been 

reported to have much higher hole mobilities along the layered direction, from 6 to 10 times 

higher than in the direction perpendicular to the layers.48, 49 Black phosphorus is also 

isomorphous to SnS and SnSe, likewise possesses exceptionally low thermal conductivity and 

high in plane electrical conductivity across similar orientations.50, 51  

1.4.3 SnS2 and SnSe2 

As with the divalent tin chalcogenides the tetravalent tin(IV) disulphide (SnS2) and diselenide 

(SnSe2) conventionally crystallise as closely matched crystal structures. The crystals are 

isostructural to CdI2, possessing a P-3m1 space group and a hexagonal unit cell with lattice 

parameters of a=5.88, b=c= 3.64 Å  for SnS2 and a=6.13, b=c= 3.81 Å for SnSe2. They adopt a 

double layered structure in which the top and bottom half of the layers are occupied by 

chalcogenide anions. Layers are made up of extended arrays of tin octahedral sites 

surrounded by six sulphide/ selenide anions occupying the space above and below the planes 

in a pseudo tetrahedral geometry (see Figure 1.13). Compared to the analogous divalent 

systems, the inter-planer bonding are much weaker van de Waals forces due to the 

homogenous surfaces within the interlayer gap, made up of the less attractive interactions of 

the chalcogenide anions with similar negative dipoles. Resultantly these materials can be 

easily laminated to form mono layers. In addition they can exhibit a number of different poly 

types by which the stacking sequence of sandwiched layers vary, which can be highly 

dependent of temperature and pressure exerted onto the crystal lattice.52-54 
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In the bulk the tetravalent sulphide/ selenide systems have larger band gaps compared to the 

divalent equivalent (as was the case with the oxides). SnS2 is a yellow material with a large 

indirect and direct band gap of 2.29 and 2.44 eV, respectively.52 Under standard conditions 

SnSe2 single crystals have observed indirect and direct optical band gaps of 1.03 eV and 1.30 

eV, respectively.55 Both materials characteristically possess n-type conductivity.    

The layers within the materials form inert surfaces, similar to those in α-SnS and α-SnSe, 

subsequently these materials exhibit equivalent orientation dependant electrical and thermal 

conductivities presenting them as potential candidate materials for thermoelectric 

applications.56 Another potential application is that they can form large surface area nano 

structures, which have applications in super capacitors.57  

However, more interest has been directed towards examining their potential applications in 

optoelectronics, such as stable ultrafast phototransistors, in nano-electronic devices.  Since 

the micro, nano to atomic scaling of transistors are decelerating in relation to Moore’s law, it 

is becoming increasingly difficult to fabricate transistors and devices below the nano scale 

especially when using conventional techniques, such as the high energy lithographic methods 

currently used in the silicon chip industry. Subsequently, it has been of interest to develop 2-

D semiconductors which form stable single layered materials for the fabrication of below 

nanoscale transistors and photo transistors.58 

Figure 1.13:  Crystal structure of hexagonal a) SnSe2 and b) SnS2. Measurements illustrate 
their structural similarities, such as the almost identical inter-planer gap and the Sn-Ch bond 
lengths of at equivalent tetrahedral tin centre for the two materials. 
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D. Yang et al. has shown that SnS2 can act as a low cost and environmentally friendly material 

for ultrafast phototransistor. Here they demonstrate the fabrication of planar orientated SnS2 

nano crystals onto conductive low dimensional graphene substrates. Samples showed fast 

response photo detection with high photo current switching ratios (1:105) when illuminated 

with low intensity photons of energies above the band gap (<600 nm).59  Similarly G. Su et al. 

present a CVD route to produce field effect transistors (FETs)/ photo detectors of SnS2 with 

thicknesses ~3 nm.60 

Due to the similarities in the crystalline structure, it is feasible to form solid solutions of 

isostructural SnS2-xSex alloys. Recently these materials have received intense interest for their 

applications in nanoscale transistors and photodetectors with the capability to engineer the 

electronic and optical properties of the materials by stoichiometric deviation of selenium. By 

variation of the selenium content Jing Yu et al. has shown that it is possible to effectively 

modify the band gap of the resultant sample between the band gap energies of SnS2 and SnSe2 

(2.29 to 1.03 eV).61 This is exciting for a number of applications not just for photo-detectors 

and FETs, but possibly gradient or multi-junction solar cells.62  Furthermore T.S. Pan has 

presented an informative study by which they fabricate FETs with conduction channels made 

of SnS2-xSex nanocrystals and with a thickness of ~10 nm. They observe tuneable variations in 

carrier concentration and charge mobility when changing the concentration of selenium. 

Increased selenium content expectedly lowers the band gap of the semiconductor, but also 

increases both carrier concentration/ dopant density (~1.5 x 1015 to ~3.6 x 1017 cm3) and 

carrier mobility (20 to 45 cm2V-1s-1).63 Furthermore the Fermi energy is shifted closer to the 

CB minimum, resulting is a decreased in the drain-source current sensitivity.64 

SnS2 is an n-type semiconductor with a relatively wide band gap (bright yellow in 

transmission), absorbs high energy photons and transparent to the majority of the solar 

spectrum. These characteristics make it suitable as a candidate window layer for 

heterojunction photo-detectors or solar cells and is discussed further in Chapter 2 and 

Chapter 5.65 SnSe2 may be a viable light absorber material for photovoltaics since it has a direct 

band gap of 1.30 eV, which is ideal for high efficiency solar energy conversion, as with SnS.66  

Another prospective application of the di- and tetra-valent tin sulphides/selenides is as anode 

materials in Li and Na ion batteries. The layered crystalline structures that these materials 
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adopt make them an attractive alternative to the currently established carbon based graphitic 

anode materials used in current battery technologies, due to their stability to ion intercalation, 

tolerance to pulverisation and capacity to store ions. One significant interest is to examine 

whether layered metal chalcogenide materials can obtain higher charge capacities, above the 

commercial standard of ~372 mAh g-1 using carbonaceous anode materials. Moreover several 

studies have identified that nano dimensional samples of SnS2 and SnSe2 can exhibit lithium 

ion capacities of ~645 and ~470 mAh g-1, respectively, and sodium ion capacities of ~500 and 

~272 mAh g-1 respectively.67-70 Interestingly, compared to their tetravalent equivalent, by 

using SnS and SnSe as anode materials for Na-ion batteries these materials showed improved 

stabilities and comparably high capacities of 492 and 707 mAh g-1 respectively.38, 39  

However, upon lithiation or sodiation of these materials metallic Sn and subsequent Li/Na-Sn 

alloys are formed, which are irreversible species, subsequently stabilisation of the materials 

over a large number of charge/discharge cycles (>100) and under high current densities (>100 

mA g-1), is still under development to extend the life time of the large charge capacities and 

high voltage profiles.71 
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1.4.4 SnTe 

Although tin mono-telluride (SnTe) is not necessarily considered as a sustainable earth 

abundant material, primarily down to the toxicity and scarcity of tellurium,12 it will however, 

be investigated in this thesis, as it is still a binary tin chalcogenide material with a number of 

interesting applications. Unlike the other divalent tin chalcogenides, under standard condition 

α-SnTe crystallises with the simple rocksalt (NaCl), Fm-3m, face centre cubic crystal structure, 

where a = 6.3 Å. Like the divalent systems, α-SnTe exhibits p-type conductivity and possesses 

a small direct band gap of 0.18 eV.  

As a result of a much smaller band gap, SnTe is often used in mid-IR (3-5 µm) photodetectors.72 

When alloyed with Pb the PbxSn1-xTe materials have been examined for their application in 

thermoelectrics.73, 74 Interestingly, by alloying with Pb, the band gap does not linearly change 

between that of PbTe (0.32 eV) and SnTe (0.18 eV), but undergoes a ‘band inversion’ where 

the band gap decreases to a minimum (~0.01 eV) at stoichiometries around PbxSn1-xTe, x= 

0.25-0.6. states.75 

 

  

Figure 1.14:  Cubic α-SnTe Crystal 
Structure. 
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1.4.5 General Electronic Trends in Binary Tin Chalcogenide Materials  

It is worth considering the general electronic trends observed in the aforementioned materials 

and why they arise, specifically focussing on structure, carrier type (p or n-type) and band gaps 

and how these differ in the divalent (Sn2+, electronic configuration [Kr]4d105s2) and tetra 

valent (Sn4+ , electronic configuration [Kr]4d105s0) tin chalcogenide systems.  

Table 1.1 presents the typical structures, band gaps (indirect and direct), common doping type 

and main contributing orbitals of the VBmax and CBmin states.  

 

  

 
Structure 

Indirect/ 
Direct 

Band Gap (eV) 

Common 
Carrier 
Type 

Main Contributing Orbitals 75-77 

VBmax CBmin 

SnO 
Litharge 

Tetragonal 
Layered 

Indir. 2.7 

dir.1.3 78, 79 
p-type 

Sn 5s and O 
2plocal. Sn 5p 

SnO2 

 

Rutile 
Cubic 

 

dir.3.6 n-type O 2plocal. Sn 5s 

SnS 
Herzenbergite 
Orthorhombic 

Layered 

Indir. 1.10 

dir.1.32 
p-type Sn 5s and S 3p Sn 5p 

SnS2 
Berndtite 
Hexagonal 

Layered 

Indir. 2.29 

dir.2.44 
n-type Sn 5s and S 3p  Sn 5s and Sn 5p 

SnSe 
Herzenbergite 
Orthorhombic 

Layered 

Indir. 0.92 

dir.1.24 
p-type Sn 5s and Se 4p Sn 5p 

SnSe2 

Berndtite 
Hexagonal 

Layered 

Indir. 1.03 

dir.1.30 
n-type Sn 5s and  Se 4p Sn 5s and Sn 5p 

SnTe 

 

Rocksalt 
Cubic 

 

dir.0.18 p-type Te 5s Sn 5p and Te 5p 

Table 1.1: Comparison of the band gap energies, structural and carrier types, for binary tin 
di- and tetravalent chalcogenide materials. In addition the main contributing orbitals that 
influence the electronic states as the valence band maximum and conduction band 
minimum of each material are described.  
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Structural Properties 

The differences in the structural (and electrical) properties of the tin divalent chalcogenide 

materials is believed to be contributed to the strength of orbit interactions. Conventional 

interpretation of the electron configuration in divalent tin(II) chalcogenide systems assumed 

that a lone pair is generated on the tin centre from the subshell 5s2 orbital after hybridisation 

of the s and p orbitals. This pair of electrons is considered as a chemically inactive lone pair, 

which can be sterically active in distorting the bonding environment around tin. However, this 

distortion is not always present in the crystal structure of Sn2+ compounds, as is observed in 

the differences of the highly distorted litharge structure of SnO and the high symmetry 

environment of rock salt SnTe. Clearly the steric activity/ formation of the lone pair becomes 

less pronounced as you go down the chalcogenide group. Using DFT, A. Walsh et al., has tried 

to rationalise this phenomenon by calculating the electronic structures of SnO, SnS, SnSe and 

SnTe. It is believed that hybridisation between Sn 5s and chalcogenide anion p states and the 

subsequent anti bonding coupling with the Sn 5p states influences the bonding symmetry of 

the tin atom and  structural difference between tin chalcogenide materials (see Figure 1.15).77 

 

 

 

 

  

Figure 1.15: Orbital energy level diagram of binary tin (II) chalcogenides (SnCh) 
comparing the 5s and chalcogenide Xp bonding and antibonding (*) interactions. The 
subsequent variation in the Sn 5p coupling strength with the 5s-np antibonding 
orbitals is also presented, and it is believed that it is these interaction that dictate the 
resultant structural geometries of these systems. 
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A strong Sn 5s and anion p state coupling would determine the asymmetric electron densities 

around the Sn atom. Anions with low energy p states (i.e. O2-) would result in strong Sn 5s - O 

2p coupling. The anti-bonding states generated from this interaction will resultantly form 

strong coupling with the Sn 5p states causing large asymmetric electron densities near the 

VBmax in a pseudo-sp3 hybridisation. Subsequently, anions with high energy p states (i.e. Te2-) 

form weak interactions with the Sn 5s states and weak anti-bonding interactions with the Sn 

5p states resulting in symmetric electron densities around the Sn centre (more s- like 

character). Therefore the strength of cation and anion interaction is the driving force which 

determines the asymmetry of bonding, thus coordination around the Sn (II) centre, and the 

strength of the stereo-active lone pair, which determines whether the SnCh material exhibits 

the layered litharge (SnO) and herzenbergite (SnS, SnSe) structures or the high symmetry rock 

salt (SnTe) structure.77, 80 

In the tetravalent tin(IV) chalcogenides, however, there is not a stereo active lone pair on tin 

and structures are influenced by the ionic nature of the respective chalcogenide. The highly 

ionic oxides result in tetrahedral bonding (SnO2), whereas the less ionic nature of the heavier 

chalcogenides form double layered structures, as with SnS2 and SnSe2.  

Native Doping 

Clearly there is a distinction in the native carrier types between the Sn2+|Sn4+ chalcogenides. 

The divalent tin chalcogenides are characteristically p-type and the tetra valent are n-type.  

The distinctions between the two arises from the process in which carriers/ dopant defects 

occur and the resultant carrier type which they produce. Doping in heavier tin chalcogenides 

semiconductors (SnS, SnSe2, etc.) is predominantly influenced by the Gibbs free energy of the 

defect formation and the position of defect energies in relation to the band gap. For simplicity 

two major doping defects are considered: 

 Either a fully ionised tin vacancy (VSn) is generated resulting in the creation of two 

positive charge carriers/ acceptors (i.e. holes, 2h+)  

 or a fully ionised chalcogenide vacancy is generated (VCh, e.g. VS or VSe) associated with 

the creation of two negative carriers/ donors (i.e. electron, 2e-).  
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In most cases the higher the concentration of either defect will determine the dominant 

carrier type. It can be expected that concentrations of either defect is directly associated 

with their formation energies, where the smaller the formation energy, the higher its 

expected defect concentrations at a given temperature. Table 1.2 presents the calculated 

formation energies of native doping vacancy point-defects and their estimated 

concentration in the tin di- and tetravalent chalcogenide systems at 300 K under 

chalcogenide rich conditions and when the Fermi energy is at mid band gap energies 

(sources included). From this it is clear to see why the Sn+2 systems form predominantly 

acceptor type defects (p-type) and the Sn+4 systems form donor type defects (n-type). 

 Defect 
Formation 

Energy 
(eV) 

Concentration 
(cm-3) 

Type Ref. 

SnO 
(P4/nmm) 

VO 

VSn 
1.85 
0.70 

~1 x 101 

~1 x 1013 

p-type 
acceptor 

(79) 

SnS 
VS 

VSn 
2.17 
0.68 

6.57 x 1012 

2.28 x 1019 

p-type 
acceptor 

(3, 81) 

SnSe 
VSe 

VSn 
- 

0.20 
- 

9.89 x 1015 

p-type 
acceptor 

(82, 83) 

SnTe 
VTe 

VSn 
1.35 
-0.20 

- 
~6.00 x 1020 

p-type 
acceptor 

(84) 

SnO2 
VO 

VSn 

0.67 
9.98 

3.30 x 1016 

- 
n-type 
donor 

(85) 

SnS2 
VS 

VSn 
1.80 
3.16 

2.21 x 1012 

2.54 x 104 

n-type 
donor 

(3) 

SnSe2 
VSe 

VSn 
- 
- 

8.5 x 1018 

- 
n-type 
donor 

(86) 
 

 

 

 

 

 

 

Table 1.2: Defect formation energies and dominant carrier types of binary tin di- and 
tetravalent materials under chalcogenide rich conditions. Data collected from a 
number of sources either from computation calculations or experimental results. 
Estimated concentration of donor/acceptor defects under standard conditions at 300 
K are also presented.  
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Taking SnS and SnS2 for example the lowest native defect formation energy in SnS is 0.68 eV 

for a tin vacancy (VSn), which is a fourfold ionized acceptor and in SnS2 it is 1.80 eV for a sulphur 

vacancy (VS), which is a twofold-ionised donor. It is therefore expected that a higher 

concentration of these lower energy defect types, causes an increased concentration of the 

resultant carrier types, which explains why SnS is natively p-type and SnS2 is natively n-type. 

Interestingly, in α-SnS the sulphur vacancies (VS) have also been linked to increasing the 

number of acceptor carriers through the formation of tin upon sulphur antisite defects (SnS) 

following the Kröger–Vink equation below, SnS is always p-type under both sulphur and tin 

rich scenarios. 81  

𝐒𝐒
X → 𝑽𝐒

•• + 𝟐𝐞− + 
𝟏

𝟐
𝐒𝟐(𝐠) 

𝐒𝐧𝐒𝐧
X + 𝑽𝐒

•• → 𝐒𝐧𝐒
X + 𝑽𝐒𝐧

′′ + 𝟒𝐡• 
 

𝐒𝐧𝐒𝐧
X + 𝐒𝐒

X → 𝐒𝐧𝐒
X + 𝑽𝐒𝐧

′′ + 𝟐𝐡• + 
𝟏

𝟐
𝐒𝟐(𝐠) 

 

It is then expected that in sulphur deficient samples of SnS there will be a large hole carrier 

concentration, as well as in the sulphur rich scenario. When the defect concentration/ carrier 

concentration are exceedingly high (>1020 cm-3) carrier mobilities decrease due to increased 

defect induced scattering (see Equation 1.6, above). This has been observed to effect the 

conductivity of sulphur deficient SnS samples.4 Further discussion of these effects and their 

impact on the PV device performance of SnS solar cells is continued in Chapter 5. 

Extrinsic and Structural Dopants 

Other dopant types can be introduced to the tin chalcogenides extrinsically and these can be 

achieved by substituting a certain amount of atoms in the semiconductor with extrinsic 

elements which alters the conventional elemental composition. Consequently, there is an 

increasing the concentration of a certain carrier type.  

Here we make a clear distinction between two types of dopant mechanisms, aliovalent 

substitution and isovalent structural doping. 

Aliovalent substitutions is a conventional doping process widely established in the silicon 

semiconductor industry and discussed above. For semiconductors containing Group IV and VI 

elements doping is much more complex than is the situation in silicon or group III-V 

(E.1.6) 
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semiconductor, due to the tendency for the metals to form multivalent species and depending 

on the site that the dopant will preferentially occupy. It can be assumed that replacing a 

chalcogenide site with a group V element such a nitrogen will generate an acceptor site, and 

that doping a tin site with a group V metal will generate a donor.   However, the process is not 

always effective and previous attempts to convert p-type α-SnS to n-type by doping the films 

with Sb3+ were unsuccessful.87  

 

 

 

 

 

 

 

 

Isovalent structural doping is a relatively novel type of doping mechanism, here elements 

often of the same valencies but different atomic radii will be substituted. The substitution will 

induce a structural alteration that will change the formation energies of native dopant defects 

(discussed above), causing a kinetically favourable formation of a specific carrier type. One 

example of this has been demonstrated in the conversions of p-type SnS to n-type by the 

substation of tin with lead forming materials with chemical compositions, Sn0.5Pb0.5S. The Pb 

atoms induce an expansion of the crystal layers which increase the formation energy for tin 

vacancies (Vsn) acceptor defects (See Table 1.2). Subsequently there is an increased number 

of neutral tin interstitial defects (Sni) and an increased concentration of electron (donor) 

carriers introduced by sulphur vacancies (SV).88, 89  

 

a) b) 

Figure 1.16: Illustration of the predicted aliovalent substitution in a) SnS where Sb 
(Group V) is on a Sn site (donor dopant) and in b) SnS2 where N (Group V) is on an S site 
(acceptor dopant). Note that this does not represent experimental observations.  
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Summary 

We have briefly summarised the properties of SnS, SnS2, SnSe, SnSe2 and SnTe materials in 

theit characteristic forms. With their wide spectrum of potential applications it is clear that 

binary di- and tetravalent tin chalcogenide materials present an interesting case for 

investigation. In light of sustainability the oxides, sulphides and selenides are earth abundant 

and relatively non-toxic, which have a number of potential applications in large scale 

renewable energy technologies.  

Clearly being able to selectively produce such materials using cost effective, simple and 

controllable routes would be significant for both their large scale application and for the 

fabrication of pristine samples to allow for further development and investigation of the 

underlying properties which govern their performance in device applications.  

Defining the principles for the selective fabrication of only binary main group materials, can 

be carried forward onto more complex systems, such as copper indium gallium selenide 

(CuInxGa(1-x)Se) or copper zinc tin sulphide/ selenides (Cu2ZnSnS4-xSex). 

Additionally, we have only touched upon the implications of polymorphism in some of these 

materials such as the high temperature transition of SnSe from the Pnma to the HT-Cmcm 

space group, there is also a great number of other stable polymorphs of all the 

aforementioned binary SnCh systems that can be formed at room temperatures. All of these 

have variations in band structure, optical, physical and electrical properties, which must be 

considered when aiming to selectively deposit such materials and use them in device 

applications. Furthermore, a continued discussion of polymorphism in SnS is presented in 

Chapters 4 and Chapter 5. 
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1.5 Chemical Vapour Deposition (CVD)  

1.5.1 Introduction to CVD 

There are many processes which can be used to produce thin film materials. In most instances 

thin films can be fabricated by either ‘’physical’’ or ‘’chemical’’ deposition methods. Here we 

will discuss the general principles of a widely explored process called chemical vapour 

deposition (CVD). CVD is a ‘’chemical’’ deposition technique that has long been utilised to 

produce a large range of thin films materials, such as metals, metal oxides, metal nitrides, 

metal carbides and inorganic-organic hybrid materials. These materials have seen applications 

in photovoltaics-, thermoelectric-, photochromic devices, LEDs, micro-integrated circuits or p-

/n- type semiconductors, high-Tc superconductors and high temperature coatings for turbine 

blades to list a few of them.  

In general the principle steps of CVD is that a precursor or precursor mixture is vaporised and 

transported by some carrier gas to a substrate area. Here the precursors undergo a chemical 

reaction that will lead to the formation of a solid material on or within the boundary layer of 

the substrate. The decomposition of the precursors will lead to the generation and subsequent 

removal of volatile by-products through an exhaust system. Then the solid material will be 

adsorbed onto the surface of substrate, defuse, nucleate and the subsequent growth of 

crystallites and a film is achieved.  

There are three mechanisms by which a material may grow, either Volmer-Weber ‘’island 

growth’’, Frank- van der Merwe ‘’layer growth’’ or Stranski-Kastanov – which is a combination 

of the two.90 The type of mechanism by which a film will grows depends on the strengths of 

the interaction between the incoming atoms (ad-atom) and the substrate surface. 

 The carrier gases in CVD are used to purge the system and transport the vapour/ precursor 

to the substrates. Most common carrier gases are N2, Ar, O2, H2 and filtered-Air, which are 

chosen depending on the requirements of the deposition process.  

The precursors used in CVD can consist of a single molecule which is predesigned to contain 

all the elements within the target materials and are known as single source precursors. 

Alternatively different molecular components /precursors consisting individually of the 

elements in the target material may be delivered to the CVD reactor separately and are known 

as dual or multi source precursors. These require efficient mixing and often react together in 
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order to deposit a material, but can sometime suffer from premature reaction/ nucleation 

during delivery to the substrate. A comparison of a variety of multi-source and single source 

CVD processes are presented in Scheme 1.1.  

 

 

 

 

 

 

There are a number of observed mechanisms for the decomposition of single source 

precursors and presented here is an example of a β-hydrogen elimination mechanism, which 

occurs at high temperatures in the precursor [nBu2Ga(µ-tBu2As)]2 (Scheme 1.2).  The adjacent 

n-butyl and t-butyl groups effectively form volatile by-product by the successive coordination 

of n-butyl β-hydrogen to form an intermediate gallium hydride which reacts with the t-butyl 

on arsenide and result in the formation of GaAs films.91 Ideally a single source precursor would 

contain all or both elements in the target material at desired stoichiometries, be relatively 

stable, and decompose on the substrate surface at relative low temperatures. 

 

 

 

 

Fundamentally a number of factors, including complex gas-phase and surface reactions, as 

well as physiochemical processes, effected by the reactor designs and gas flow dynamics can 

govern the outcome of a CVD process, such as the deposition rate, growth mechanism, 

crystallinity, morphology, and composition of the thin film materials. Some of these will be 

discussed in the relevant sections of this thesis.  For further reading refer to Chapter 3 of 

Chemical vapour deposition: Precursors, Processes and Applications by M. D. Allendorf et al.92   

(1.1) 

(1.2) 
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1.5.2 CVD within Industry 

The CVD process can produce films less than 100 nm to films several micrometres thick and a 

cover a couple of square centimetres to many square metres. CVD may be distinguished from 

other deposition processes, as the deposited materials are formed by a chemical reaction of 

the vapour-phase precursors. Whereas physical vapour deposition (PVD) processes, such as 

thermal evaporation or reactive sputtering, rely on the atomic or molecular adsorption of the 

elemental components onto the substrate surface. In many cases CVD has been a dominating 

technology in the field of thin film manufacture on both the industrial and laboratory scale 

and it has been the process of choice when other thin film deposition technologies have 

proven problematic or inadequate. One important adaptation of CVD was the introduction of 

‘’on-line’’ CVD architecture introduced by Pilkington in the mid-1980s. This process proved 

that CVD, thin film coatings of fluorine doped tin oxide (SnO2:F or FTO) could be deposited 

onto glass within the glass manufacturing line. The production speeds and sustainability 

implications of this process could be unachievable using ‘’off-line’’ deposition processes, such 

as sputtering, electrodeposition, or thermal evaporation or high vacuum deposition 

processes.93  Other significant advances in CVD have been through its achievements in 

producing group III-V semiconductor materials. CVD offers the ability to tailor the exact 

chemical composition of materials and it has been successfully used in the production of 

layered devices consisting of alloys of various group III-V elements, such as AlxGa1-xAs or 

InxAlyGa1-x-yN. One particular achievement was the ability to produce thin films of p-doped 

GaN-based semiconductors from the CVD of metal organic precursors. This subsequently laid 

the foundations of the currently large industry of full-colour high brightness LEDs. Today the 

commercial deployment challenges in these LEDs technologies is no longer a consideration 

and the CVD process is widely accepted and matured.94 

One area that would significantly benefit from the ‘on-line’ potentials of CVD is the 

commercial manufacturing of inorganic thin film photovoltaics. Second generation thin film 

solar cells have been commercialised and compete with conventional silicon modules, with a 

market share ranging from 10-20%. The current commercial devices consist of copper indium 

gallium selenide (CIGS) and cadmium telluride (CdTe) as the main photo absorber layers. Vast 

improvements in the efficiency of these devices have made them commercially viable, such 

that devices based on CIGS and CdTe achieve lab efficiencies of ~22%,95, 96 and ~15% 
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efficiencies for commercial devices.97 However, apart from CdTe which faces 

restrictions/regulations by leading nations due to the toxicity of cadmium,98 other drawbacks 

such as high cost of Ga, In and Te, device degradation and slow/high cost of manufacturing 

have prevented these technologies from dominating the PV markets.  

By 2015 over six companies (incl. TSMC, Nanosolar and Solyndra) producing CIGS devices 

either halted production or filed for bankruptcy, leaving Hanergy and Solar-Frontier as the 

main global producers. The leading factors of this was the slow and high cost of production 

and not being able to reach economies of scale and compete with a market saturated with 

silicon PVs.99 This is because the production processes that have been proven to make high 

efficiency CIGS devices are formed of two steps; firstly metallic films of Cu, In and Ga are 

deposited. The stacks are then annealed in an atmosphere of selenium to achieve the CIGS 

composition and crystalline thin films ready for device completion. Currently many institutes 

and companies, such as EMPA and Flisom are beginning to develop processes by which these 

two steps are achieved on a faster roll-to-roll system.100   

 

 

 

 

 

To be able to develop a single step CVD deposition processes, akin to that used to make large 

area amorphous silicon PVs,101 where the films produced do not require post-annealing within 

a sealed chalcogenide furnace, would allow for the fast on-line processing of number of metal 

chalcogenide materials not just CIGS. Even though attempts to CVD CIGS thin films using a 

single step process were originally unsuccessful due to limited availability of safe and cheap 

precursors, it would be a significant if new precursors were made available to overcome these 

challenges.102   

 

Figure 1.17: Slow multi-step processing of CIGS using PVD techniques to deposit metallic 
stacks and post annealing steps in selenium atmospheres.  

 

1.   2. 3. 
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1.5.3 CVD Variations 

Many variations of CVD have evolved out of constantly challenging demands from industry to 

produce a wide variety of new materials for establishing technologies. Subsequently the types 

of CVD processes have often been chosen or tailored towards both the precursors’ properties 

and the type of thin film materials that need to be deposited.  Today the technology is still 

being pushed to its limits to enable the production of new materials, with highly specific 

composition requirements and complex nanoscale architectures. In most cases there is also 

an increased demand on cutting manufacturing costs and reducing the impact on the 

environment through the avoidance of toxic or flammable precursors, by-products and 

materials. 

In general CVD types differentiate through three main characteristics: 

1) The precursor type. 

2) Vaporisation and transportation system used to deliver precursors to the substrate.  

3) Technique used to promote or initiate the chemical reaction of precursor vapours.  

In most cases reactions are promoted by thermal initiation through heating of the substrate 

surface. This process in turn often enhances the crystallinity of the film by annealing. However, 

it may also induce impurities into the film by diffusion of ions from the substrate. Even with 

thermal initiation techniques there are two general ways this can be achieved, and these 

consist of ‘’hot wall’’ conditions, where the reactor wall and substrate are heated, or ‘’cold 

wall’’ conditions, when only the substrate is heated. Thermal energy inputs can also vary and 

can consist of photo radiation, thermal radiation and electrical resistance or inductive heating 

of the substrate or substrate holder. Initiation can also be achieved by high frequency 

radiation, such as UV (photo-assisted CVD/ PA-CVD) or a plasma (plasma-enhanced CVD/ PE-

CVD). Other nano scaling techniques have also been invented, such as focused electron beam 

CVD (EB-CVD) where an electron beam similar to that used in SEM and TEM equipment initiate 

the decomposition of precursors under vacuum conditions. This process achieves deposition 

at the nano scale, but are restricted to very small devices and slow manufacturing speeds. 
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Subsequently there are now an overwhelming number of possible CVD processes, which come 

with a large number of acronyms. Discussed are some of the common CVD types:  

Metal-organic CVD (MOCVD)  

This specific CVD process is defined by the type of precursors used. By definition these would 

consist of metal-organic compounds or complexes containing metal-carbon bonds (σ or π) 

(e.g. metal alkyls or metal carbonyls). The definition of MOCVD has extended to include 

precursors containing metal-oxygen, metal-nitrogen bonds and metal hydrides.  

For early MOCVD processes, the metal organic precursors were selected or designed because 

of their requirements to be volatile, stable in the gas phase, decompose rapidly upon initiation 

and produce volatile non contaminating by-products. The Mond’s process represents one of 

the earliest examples of MOCVD. By passing carbon monoxide over impure nickel ores at 50 

oC, the highly volatile and toxic nickel (IV) tetra carbonyl complex is formed as a metal-organic 

precursor. The gas stream can transfer the precursor to a substrate at 230 oC where the nickel 

complex decomposes to produce pure nickel films and volatile carbon monoxide by-

products.103 

Low Pressure CVD (LP-CVD)  

This process was developed for precursors with low volatility under standard conditions, but 

volatile under vacuum. The entire CVD system is subjected to a partial vacuum to enhance the 

volatility of a precursor and its by-products. Precursors may also be heated to further increase 

their volatility. This process was developed in many cases to meet the demands for novel less 

volatile single source precursors. The single source precursors of tin (IV) Thio- and seleno-

ether complexes [SnCl4(Se/S-Et2)] can be used in LPCVD. These single source precursors can 

be made volatile under low pressure conditions (at 10-5 bar) and  were specifically designed 

to deposit SnS2 and SnSe2 orientated films.104 One clear disadvantage of LP-CVD is that it is 

expensive and difficult to implement in large scale operations due to the vacuum 

requirements, but can be an effective process for specialised off-line coatings. 
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Atomic Layer Deposition (ALD) or Pulsed-CVD  

ALD, in some case known as Pulsed-CVD,105 is a versatile technique for depositing conformal 

thin films of specific compositions or thicknesses at the atomic scale (~1 nm). Films deposited 

via ALD are non-directional and form conformal films which can coat the topology of surfaces 

with large trenches or roughness.  

This process starts with the injection pulse/s of gaseous or vaporised precursor (A) into the 

reaction chamber. The precursor is allowed to adsorb onto and react with the entire surface 

of the substrate ideally following a Langmuir adsorption model by which a monolayer of 

precursor is formed. The chamber is pulse purged using a carrier gas and vacuum to remove 

any unreacted precursor (A) and reaction by-products. Then the second precursor (B) is 

transported into the reaction chamber and deposited onto the substrate and reacts with the 

first layer to form the second monolayer and the chamber is then pulse purged to remove any 

un-reacted component and reaction by-products. This cycle is often repeated many, 100s to 

10,000s of times with highly precise growth rates ~1 nm (10 pm) per cycle. Furthermore the 

cycles can introduce two or more different precursors, to deposit thin films with specific 

compositions and heterogeneous interfaces.  

The design of novel volatile precursors for ALD have been explored for the majority of the 

main group elements. The design, synthesis and isolation of racemic N-heterocyclic 

stannylene (Sn(II)) and germylene (Ge(II)) complexes by R. Gordon et al. are good examples of 

precursor developments. Both complexes exhibit high volatilies and can be effective 

precursors for ALD. Figure 1.18 presents the ligand design and synthesis step to the formation 

of the racemic complexes. Furthermore a cross section of the conformal SnS and GeS thin film 

produced from the ALD of H2S and racemic N-heterocyclic stannylene or germylenes, 

respectively, are presented.106  

However, this example highlights one of the restrictions of depositing heavier chalcogenide 

materials using ALD, in most cases the chalcogenide source are restricted to their respective 

hydrides, H2S, H2Se and H2Te.107, 108 Although highly volatile and reactive with metal surfaces, 

they are all very toxic and pose a lot of safety challenges for scale up operations. For metal 

oxides conveniently water or hydrogen peroxide can be used as the non-toxic precursor 

equivalent.   
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The film growth rate using of ALD can be very slow (100-300 nm hr-1). Combined with this its 

requirements for high purities gas streams and vacuum conditions, has limited it for ‘on-line’ 

operations and it is often reserved for specialist technologies. Furthermore ALD processes are 

limited to the number of available precursors that are volatile dual source and similar to those 

used in MO- and LP-CVD.  

The early commercial applications ALD consisted of batch Al2O3 coatings for silverware to 

prevent tarnishing. Currently ALD is playing a crucial role in revolutionised microchip designs. 

Intel’s and Micron recently announced a revolutionary 3D Point non-volatile memory 

technology, allowing for faster, better and more compact RAM. The technological 

advancements is claimed to be achieved by nano scaling, novel mixes of chalcogenide glass 

and other materials through ALD processes, to create a devices with a nanoscale 3-D 

architecture.109 

Figure 1.18: Synthesis of novel Sn and Ge precursors for the ALD of highly conformal GeS 
and SnS. c) shows the cross section SEM images of uniformly coated holes with aspect ratio 
of around 40:1.  
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Aerosol Assisted-CVD (AA-CVD) 

AA-CVD is perceived as a less conventional solution based CVD processes. Unlike conventional 

CVD systems, AA-CVD only requires liquid precursors or precursors dissolved in solutions 

(precursor solutions). Therefore, it is possible to use non-volatile molecular precursors, and 

for this reason the precursor design requirements are focused on their solubility in carrier 

solvents, rather than their volatility. Consequently, there is a wider choice of potential 

molecular candidates, and the field of developing new single source precursors and precursor 

solutions for AA-CVD has drawn a lot of attention in recent years. 

The AA-CVD process delivers the precursor to the substrate by generating an aerosol from a 

liquid precursor or precursor solution. The droplets containing dissolved precursors are 

carried into the heated reactor. At this stage, the following deposition steps are undefined 

and can proceed via three possible mechanisms (see Figure 1.19). Either 1) the aerosol droplet 

evaporates before reaching the substrate surface, the solid precursors precipitate, absorb 

onto the substrate, then decompose and the volatile by-products are removed. Or 2) the 

precursors decompose whilst in the droplet, the target materials crystallise and adsorb onto 

the substrate whilst the by-product remain soluble in aerosol droplet. 3) The droplet is able 

to make contact with the substrate surface, and spreads across the surface. The precursor 

decompose, the target materials crystallises on the substrate surface, and the by-

products/solvent evaporate. Mechanism 3) is the similar to that defined by spray pyrolysis.110  

 

 

 

 

 

 

 

 

1) 2) 3) 

Figure 1.19: Three proposed mechanisms of AA-CVD at the substrate/droplet inter-face. 
For mechanism 3) the substrate surface wetting and surface tension of the solvent can 
significantly impact on film growth and quality of the deposited sample.  

 

 



An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for Applications in 
Energy Harvesting Devices 

 

- 41 - 

From the possible deposition mechanisms, the actual decomposition reaction of the 

precursors can fall into two types. Either precursors decompose in the gas/ vapour phase 

termed ‘homogenous’ or react/decompose whilst on the substrate surface termed 

‘heterogeneous’. The ratio between the two processes can influence the growth 

characteristics of the thin films, which can drastically alter the morphologies of the samples 

produced. Examples have shown that the physical properties of solvent used in the precursor 

solution can promote either reaction type. Studies by A.A.Tahir, et al., looking at the AA-CVD 

of Bi2S3 thin films from a bismuth dithiocarbonates, Bi2[(S2CNEt2)3]2, precursor,111 noticed that 

using a 100% chloroform precursor solution would promote the homogenous reaction 

process. Interestingly, using a 50% solution of toluene/chloroform as the carrier solvent, it 

was possible to modify the deposition to a heterogeneous process. It was suggested that 

because chloroform has a lower heat capacity and b.p. compared to toluene, it is expected to 

evaporate rapidly during deposition and precursors precipitate and decompose in the gas 

phase before adsorption onto the substrate surface. The homogenous process results in the 

formation of nucleated films with high porosity or hierarchical structures. However, with 

toluene in the precursor s the evaporation of solvent occurs closer to the substrate surface 

and precursors are adsorbed onto the substrate, before decomposing, resulting in the 

formation of compact uniform films. It is also highlighted that at higher substrate 

temperatures the homogenous process is promoted, as it is expected that solvent evaporation 

rate will increase.112 

Often, for standard AA-CVD processes, high b.p., chemically inert and non-toxic solvents, such 

as toluene (or water for oxide materials), are used as the carrier solvent and can be recycled 

since they remain un-decomposed during the deposition process.  

Precursor solutions for AA-CVD could potentially be adopted from those developed for other 

solution deposition processes, such as spray pyrolysis, chemical bath deposition (CBD) and 

spin coating. Techniques, such as spray pyrolysis and spin coating, lose a lot of the precursor 

solution during the deposition. For AA-CVD the majority of the aerosol is used in generating 

the film and reactors can be designed to trap or recycle solvents and un-deposited precursors. 

Furthermore, upscaling of AA-CVD processes from small lab scale experiments to on-line 

industrial trials appears far less challenging, due to the simplicity of the reactor components, 
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non-vacuum requirements, and wider availability of precursors. The majority of the reactor 

expense is within the components that generate the aerosol, and the filters which control the 

aerosol droplet size. 

In many instances using tradition CVD processes, it is often crucial that the precursors are of 

high purity, as this can significantly impact on the quality of deposited sample. Another 

advantage of AA-CVD, is that precursors do not necessarily need to be purified as rigorously, 

and un-pure precursor solutions have been shown to produce high quality samples. It is also 

not a requirement to isolate a precursor molecule, and they maybe synthesised from regents, 

in situ, and kept within the precursor solution.113 

Further benefits are that multiple single source precursors can be dissolved in a single 

solution, which enables facile routes to ternary and even quaternary materials with unique 

stoichiometric and phase control. It is even more favourable if the metal complexes used as 

precursors are made up of the same ligands, as ligand exchange processes in solution will not 

change the structure of the predesigned/optimised precursor molecules.113 

Overall, the are a number of variables in an AACVD process, including temperature, solvent, 

substrate and precursor type, and these may be modified to control microstructure and 

quality of the deposited thin film. Clearly AA-CVD presents itself as a versatile technique that 

can be used to test a range of novel precursor systems. For these reasons AA-CVD is the 

principle deposition method used throughout this research. 
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1.6 TSI® AA-CVD System 

The AA-CVD system built for this project is a small scale custom designed test rig, which 

consists of a TSI constant flow nebulizer, horizontal quartz tube and 22 cm tube furnace. This 

type of reactor proceeds via ‘hot wall’ thermal initiation methods. The by-products and un-

used aerosol are collected in a -20 oC cold trap from the exhaust gas.  

 

  

 

 

 

 

 

 

 

 

There are a number of ways an AA-CVD system can generate an aerosol. The most common 

types are:  

 Electrostatic – Through a small capillary, an electrically conductive liquid is placed 

within a high electric field, which forces against its surface tension. As a result of these 

forces, which cause the surface tension of the liquid to collapse, a fast plume of liquid 

is released from the capillary, forming submicron sized droplets.  

 Ultrasonic – A piezoelectric transducer vibrates the precursor solution at an ultrasonic 

frequency. The combination of positive and negative oscillations by rarefaction and 

compression cavitates the solution into micron and sub-micron droplets. Often this 

technique restricted to low cost laboratory experiments, due to the irregular 

concentration and flow rate of the aerosol generated. 

Figure 1.20: Diagram of the AA-CVD reactor used throughout this project. 
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 Collision nebulisation – A high velocity jet is formed from compressing air through a 

~1-0.1 mm pin hole. The jet collides with the surface of precursor solution forcing 

against the surface tension, which collapses the surface and generates an aerosol. 

The TSI Constant Output Atomizers 3076 uses the ‘collision nebulisation’ mechanism to 

generate an aerosol, as shown in Figure 1.21. The incoming jet, which also acts as the carrier 

gas, is generated through a ~0.35 mm pin hole on a 10 mm platinum disk, which is subjected 

to 5 bar of compressed N2. The jet flows horizontally across the solvent surface to generate 

the aerosol droplets. The largest droplets impact with the opposite wall and condense back 

down into the bubbler, while the smaller droplets are carried out of the atomizer into the 

deposition chamber. The technical paper for the TSI® system demonstrated that the average 

droplet size ranged from ~0.032 µm with water, and ~1.3 µm using di-octyl phthalate.114 The 

nominal flow rate is 3.0 L min-1, with a particle concentration of ~107 particles per cm3. 

 

 

 

 

 

 

 

 

For most CVD systems the container that stores the precursors is known as the ‘bubbler’. The 

bubbler design can vary considering the volatility and state of the precursors, and the type of 

CVD under taken. Bubblers are designed to force precursor out one valve and replace the void 

with the carrier gas through the second valve. The bubbler used in the custom designed AA-

CVD system is shown in Figure 1.21. The cross section reveals the dip tube, which draws up 

the precursor solution into the nebulizer, and the recycle tube, which acts as a pressure 

equaliser and a return valve for condensed aerosol droplets.   

a)  

Figure 1.21: Diagram of AA-CVD a) bubbler and b) the TSI® Aerosol Generator 3076. 
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1.6.1 Reactor Dynamics: Lateral Temperature Variation 

One issue from this particular AA-CVD reactor system is that the surface temperature of the 

substrate is laterally inhomogeneous (i.e. from front to back), during deposition. The gas 

stream, in addition to the aerosol, are at room temperature as they enter the furnace. It can 

be predicted then, that the aerosol and gas stream can have a significant cooling effect on the 

substrate. Furthermore, the cooling effect maybe be significantly different from the front to 

the back of the reactor. This could have a significant effect on the homogeneity of the 

deposited film and may cause a variation of thickness, phase, composition, coverage and 

crystallinity throughout the samples. 

To understand the temperature gradient on the substrate surface three thermocouples were 

placed on top of a glass substrate at positions 2.5 cm, 11 cm and 20 cm into the tube furnace 

(Starting from the front) and the furnace was set to different temperatures. During 

temperature measurements an N2 gas flow and ethanol aerosol passed through the system to 

simulate the deposition conditions. The furnace was then set to various temperatures and 

allowed to equilibrate for 40 minutes before recording the temperature of the furnace wall 

and three thermocouple readings.  

Figure 1.22 shows that the substrate temperature throughout the reactor varies significantly 

depending on the position within the furnace. Clearly the substrate is significantly cooled at 

the front of the reactor, as expected. There is an optimal position in the centre of the substrate 

(~10-15 cm from the front, which reaches the highest substrate temperatures. Interestingly 

the temperature of the substrate drops again at the end of the reactor, which might be a result 

of heat radiation from the quartz tube as it is close to the end of the ceramic insulation, or t 

maybe caused by the energy loss from solvent evaporation. It is therefore important to note 

that temperatures reported in the results and discussion are the temperatures recorded by 

the internal furnace thermocouple and the actual substrate surface temperatures are lower 

and can be later extrapolated from calibration measurements shown in Figure 1.22.   
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1.6.2 Substrate Preparation 

One key process that is often over looked is the protocol undertaken to prepare substrates for 

depositions. Obviously any contaminates, such as dust, organics/ grease, hydroxide layers, 

metal ions, or fragmentations, will significantly impact on the interaction between the 

substrate and deposited film. Removal of these can involve a number of steps. The processes 

used to prepare substrate is outlined in the experimental section, Section 7.1.2. 

For AA-CVD the surface wetting of the aerosol droplet could potential impact on the quality 

and coverage of the resultant films. Poor wetting between the aerosol droplet and the 

substrates can lead to the formation of dispersed droplets on the substrate surface, which 

cause a ‘coffee stain’ effect, which create inhomogeneous films.115 Conversely high surface 

wetting will improve the uniform spread of precursor solution across the substrate surface 

and increase the uniformity of the films.  

For these reasons, all substrates were subjected to 10 minutes of O2 plasma treatment prior 

deposition. It is known that O2 plasma can decompose any remaining organic contaminates, 

but also ‘activate’ the surface of the substrate by applying a thin layer of a chemically active 

oxide layer. Figure 1.23, presents the significantly increased surfaces wetting to ethanol for a 

cleaned glass substrate before and after plasma treatment. It was also found during early 

deposition experiments that un–plasma treated samples were less uniform than the plasma 

treated.  

Figure 1.22: a) Comparison of furnace temperature, at three lateral regions on the substrate 
surface. b) Lateral temperature variations on the glass substrate at different furnace 
temperatures illustrating the higher temperature region on the substrate surface and the 
range on temperatures that may exist. 
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1.7 Main Group Metal Chalcogenide Precursors for AA-CVD 

Chapter 2 presents a discussion on dual source or multicomponent precursor solutions for AA-

CVD and solution deposition processes and the following sections mainly focuses on the 

design of main group metal chalcogenide complexes as single source molecular precursors.  

1.7.1 Metal Chalcogenide Precursors for Conventional CVD 

Alkready there are many precursors that are commercially available, which can be accessible 

from companies, such as Strem Chemicalinc, and many of these precursors can be used to 

pdeposit a large number of materials by CVD, MO-CVD or ALD methods.  

However, as already described the number of chalcogenide (S, Se or Te) precursors are very 

limited for conventional CVD processes, such as MOCVD. For example the chalcogen hydrides 

are too toxic although very reactive (pyrophoric) and volatile. In addition, the reactivity of 

metal alkyls means that trace amounts of air or moisture, may lead to the formation of 

alkoxides, and result in the incorporation of oxygen impurities in the deposited films. In 

addition it has also been observed that these precursors, such as chalcogen hydrides under-

go unwanted gas-phase reactions with metal alkyls, such as ZnMe2 or CdMe2, specifically 

during a dual source deposition processes, and can result in the formation of non-volatile 

oligomers, with the composition‘’CH3M(Ch-H)’’, and these tend to nucleate in the gas phase 

before reaching the substrate surface.108  

 

CA = 0o  

Glass  

O2 Plasma 
Treated  CA = 50o  

Untreated  

Glass  

Ethanol  

Figure 1.23: Contact angle (CA) measurements of a) untreated and b) O2 plasma treated (10 
min) PilkingtonTM float glass substrates, using ethanol.  

 

a) b) 
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As a result, the research area became interested in designing novel volatile chalcogenide 

precursors, such as alkyl chalcogenides (MeSeH, tBuSeH and Et2S). However, these have also 

shown limitations, and one problem is that many of them are thermally stable and require 

high deposition temperatures (>400 oC), and these system also lead to mixed phase/poor 

quality films with significant carbon contaminates.116 However, the alkyl tellurides are 

specifically unstable and during storage can also decompose to elemental tellurium or form 

more stable and less volatile derivatives, such as Me2Te2.108 Resultantly, research interests 

drifted towards designing volatile metal chalcogenide complexes, which can act as single 

source precursors for conventional CVD processes. It was proven that designing bulky 

chalcogenide ligands such as tbutyl thiols or 2,4,6-tri-tert-butylphenylchalcogenolates117-119 or 

multi dentate ligands, such as chalcogeno-xanthates, -carbamates, β-diketonates or chelating 

alkyl dichalcogenides, can sterically restrict the coordination around metal centres and 

reduces the molecularity of the complexe and increase its volatility. It was also observed that 

in many cases monomeric heteroleptic complexes lead to increased volatility. Another design 

method used to increase the precursor volatility can be by reducing complex molecularity by 

addition of spectator ligands, which do not take part in producing the deposited material. 

These ligands typically consist of neutrally charged Lewis bases, such as pyridine, bidentate 

tetramethylethylenediamine (TMEDA) or tridentate pentamethyldiethylenetriamine 

(PMDETA) (see Figure 1.24). It was shown that the addition of addition of spectator ligands 

can also prevent oligomerization or pre-reaction of the metal complex and may stabilise it to 

moisture. 120  

 

 

 

 

 

 

 
Figure 1.24: Presenting the effects of mono, bi-, and tridentate spectator ligands have on the 
thermal stability of the Lead (II) dixanthate precursor produced by K.C. Molloy et al.120 
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Now many research groups are no longer focused on making strenuous efforts to design 

systems that are volatile, the efforts have now turned towards designing single source 

precursors for AA-CVD, with specific focus on the solubility, and decomposition temperature 

and products. 

1.7.2 Single Source Precursors for the AA-CVD of Metal Chalcogenide Materials 

Listed are some of the advantages of using a single source precursors for AA-CVD over volatile 

multi source precursors used in conventional CVD systems: 

 They often decompose following a single well defined decomposition mechanism, 

which can be highly selective for the materials deposited.  

 The decomposition temperature is dictated by the design of the precursor, and 

typically deposition can be achieved at much lower temperatures (~200 oC), which is 

suitable for less thermally stable, flexible and low cost substrates (i.e. plastics). 

 Often less volatile precursors are more stable, possess a longer shelf life, pre-

deposition reactions are limited, and they are less pyrophoric. 

 Minimises or eliminates the use of toxic gases. 

 Easy to maintain the correct elemental stoichiometry. 

 Redox control of the metal centre and tailored decomposition mechanisms can 

determine the oxidation state of multivalent metal chalcogenide systems. 

 Either via the temperature control or through the geometric design of the precursor 

complex,121 a variety of uncommon/common polymorphs and meta-stable phases 

can be selectively deposited, opening avenues to new materials.  

  Control of the coordination number around the metal cation, by using sterically 

bulky ligands or chelates, can decrease the precursor sensitivity towards air and 

moisture, but also can be used to control the decomposition/ deposition rate. 

 Similar precursor complexes are often compatible, and can be mixed together to 

form stable precursor solutions, and can potentially be used to deposit high order 

materials. 
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The design and development of novel single source precursors for AA-CVD has already began 

to present promising results, allowing for the fabrication of a number of metal and main group 

chalcogenide materials. Some of these examples will be discussed in the following sections. 

For further reading, there are a number of suggested review papers,108, 122-126 most notably 

reviews by C. E. Knapp and C.J. Carmalt (2016)113 and P. O’Brien et al. (2010), 127 which discuss 

the developments in the design of single source precursors for AA-CVD.  

1.7.3 Ligand Types  

In general, ligand types can be grouped in accordance to whether they will deposit a metal, 

metal oxide, or metal chalcogenide thin film: 

 For metallic thin films, amidinate,128, 129 guanidinate, β-dimidinate, mono/di 

amino,130 imido, carbonyl131 and cyclopentadiene ligands have been explored.  

 For metal oxides thin films, often alkoxides, β-diketonates, β-ketoiminate and most 

recently ureide ligands are effective.108 

 For metal chalcogenides thin films (sulphides, selenide and tellurides), complexes 

consisting of bridged and terminal metal chalcogenides, organochalcogenlates, 

xanthates, N-alkyl thioureas, thiosemicarbozones, dichalcogenophosphinates, 

dichalcogenido-imidodiphosphates, mono/di chalcogeno carboxylates, mono/di 

chalcogenocarbamates, and chalcogen substituted buriets, have been investigated. 

Dimorpholino-dithioacetylacetonates and N-(Chalcogen) phosphorylated (chalcogen) 

ureas have also recently been studied.122, 132 

Although some cross over is possible, various single source precursors have been developed 

to deposit specific materials, using these large variety of ligand systems. 
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Xanthates 

Metal xanthates, also known as metal dithiocarbonates, have the general chemical formula 

M(S2COR)n. Xanthate salts are easily synthesised from respective alcohols, metal hydroxide 

and carbon disulphide, subsequently a vast array of complexes can be easily synthesised by 

the metathesis reaction between a metal halide and a xanthate salt. Xanthates can also 

coordinate to metals either through both the S atoms or through the neutral  O atom following 

either a monodentate or bidentate motif.  

Subsequently, a wide range of transition metal and main group metal xanthate complexes 

have been isolated with a wide variety of substituted R-groups. The decomposition of these 

systmes often proceeds by a Chugaev elimination to evolve the metal sulphide. (Scheme 1.3)  

 

 

 

Figure 1.25: Established ligand types used to make complexes that can act as metal 
chalcogenide single source precursors. The most common co-ordination geometries are 
illustrated. *The telluride equivalent are known. Highlighted are two systems explored in 
this work. The uriedes are a relatively new class of ligands.  

 

Scheme 1.3: Chugaev elimination mechanism for a xanthate complex decomposing to a 
metal sulphide. 
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In many cases, xanthates are relatively stable to air and moisture, making them easy to handle 

and practical for scale up applications, but sometimes insoluble in aprotic organic solvents, 

regardless they have been explored as precursors, for the AA-CVD and MO-CVD of metal 

sulphide materials, such as ZnS, CdS,133, 134 Sb2S3
135 and PbS120, although, the films generated 

are made up of small crystallites (~25 nm). There are limited studies looking at tin xanthate 

complexes, to deposit SnxSy materials using AA-CVD or other solution deposition methods. 

Thermal decomposition studies of 1,3-dithia-2-stannacyclopentane(IV) alkylxanthates, 

presented SnS2 as the thermal decomposition product at >350 oC.136 K.C. Molloy et al. have 

isolated a series of salts consisting of anionic Sn (II) tris-xanthate complexes with an 

ammonium counter cation (Figure 1.26). From these systems it is possible to replace the 

ammonium cation with another metal cationic complex to form single source precursors 

contain two metals and maybe used to form for ternary tin sulphide materials.137  

 

 

 

 

 

 

 

Mono/DiChalcogeno Carbamates 

Mono- or Dichalcogenocarbamates have the general chemical formula M(E,OCNRR’)n or 

M(E2CNRR’)n (E = S, Se or Te), respectively, and have been used for the deposition of metal 

chalcogenides and more commonly metal sulphides. Dithiocarbamates complexes can be 

easily synthesised using similar methods implemented to make xanthates, but starting with a 

metal, primary or secondary, amine in-replace of a metal alkoxide. Furthermore, symmetric 

and asymmetric carbamates can be achieved depending on the substituents on the N-R group. 

In 1993, R. D. Pike et al. presented on one of the first accounts of a dithiocarbamate being 

used to deposit a metal sulphide thin film, and were able to deposit α-ZnS thin films at 460 oC 

Figure 1.26: Crystal structure (left) and schematic representation (right) of the anionic tin 
(II) xanthate complex isolated by K.C. Molloy et al.137  
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from Zn(S2CNEt2)2 using AA-CVD.138  K.C. Molloy et al. reported on the deposition of SnS2 and 

α-SnS at 350-550 oC, via AP-CVD, from organotin asymmetrical dithiocarbamates, 

RnSn[S2CN(C4H9)CH3]4–n, where R = Me, Bu, or Ph and n = 1, 2, or 3. However, the additional 

use of H2S within the carrier gas was necessary to achieve a metal sulphide composition, which 

indicated that the single source precursors were in sufficient.139 A further number of tin (IV) 

homo- and heteroleptic thiolates and dithiocarbamates were isolated by the same group and 

the thermal decomposition mechanism for the dithiolate dithiocarbamate (Et2NCS2)2(RS)2Sn 

(R = Cy, CH2CF3) systems were suggested to proceed via an initial elimination of RSSR to afford 

(Et2NCS2)2Sn. Then via the cis-arrangement of the dithiocarbamate groups it leads to the 

formation of SnS and subsequent loss of [Et2NC(S)]2, see scheme 1.4.140 

 

 

 

 

Later on, P. O’Brien et al. isolated a series of similar asymmetric and symmetric diorgano Sn 

(IV) dithiocarbamates of [Sn(C4H9)2(S2CN(RR′))2] and [Sn(C6H5)2(S2CN(RR′))2], from the reaction 

of R2SnCl2 complexes with the sodium salt of different dithiocarbamates. Using AA-CVD, and 

without the use of H2S, four of these precursors were shown to deposit α-SnS thin films at 400 

– 530 oC. It was found that asymmetric systems (e.g. Sn(C4H9)2(S2CNCH2(C4H9))2)  yielded 

better quality films. The SnS samples adopted plate like morphologies crystallites, with band 

gaps ranging from 1.2 -1.7 eV, although crystalline SnO2 was also detected in some samples 

by XRD. Furthermore, from EDAX analysis, stoichiometric SnS could only be achieved at high 

precursor concentrations and there were large variations in the Sn:S stoichiometries (1:1 to 

1:1.5), showing that the precursors may not be entirely selective for stoichiometric SnS. This 

may be due to the complexes being in the Sn(IV) oxidation state relying on a reduction process 

during decomposition to generate SnS. In addition at these relatively high deposition 

temperatures (>400 oC) it can be expected that high levels of SnS will evaporate from the 

substrate, which can have detrimental effects on the film quality.141 Interestingly, solution 

mixtures of different metal dithiocarbamates of Cu, Zn, Fe, or Sn can be used to deposit 

multicomponent films of Cu2(ZnyFe1-y)SnS4 (CZTS) from AACVD. Although the film possessed 

Scheme 1.4: Proposed thermal decomposition of dithiocarbamates. 
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small crystallites, there is a potential to deposit higher order metal chalcogenide materials 

using multiple precursors and the AA-CVD method in this way.142 

  

 

 

 

 

 

 

 

Dichalcogenophosphates  

The synthesis of tin (II/IV) dichalcogenophosphate complexes is often achieved by a two-step 

process. Firstly, the reaction of diorganophosphines with elemental chalcogenides and 

potassium hydroxide, evolves the potassium diorganophosphinodichalcogenoate salt. Then, 

by the stoichiometric metathesis, with respective tin halides, complexes of the general 

formula [Sn(R2PE2)n] (n= 2 or 4) are formed. P. O’brien et al. isolated the Sn(II) 

diselenophosphate complex [Sn(Ph2PSe2)2], and showed that it can be used as a single source 

precursor for the AA-CVD of SnSe at 400 oC. This precursor was selective for Sn(II) selenide 

and no detection of SnSe2 was observed. It is believed that the 2+ oxidation state of the Sn 

centre in the precursor may influence the formation of SnSe phase.143 

Organo Chalcogenolate and Chalcogenide Complexes 

Early work by K.C. Molloy et al. explored the AA-CVD of Sn(IV) tetrathiolate compounds 

[Sn(SR)4] as single source precursors (Figure 1.28). However, it was shown that in general the 

[M(SR)4] complexes have significantly distorted tetrahedral structures due to a non-covalent 

S···S interactions. The interactions promotes a disulphide elimination pathway, which can be 

seen from thermal decomposition studies of dithiolate dithiocarbamate tin(IV) complexes.139, 

144, 145  Subsequently AA-CVD experiments using these precursors resulted in the deposition of 

Figure 1.27: Crystal structure of the asymmetric system [Sn(C4H9)2(S2CNCH2(C4H9))2] isolated 
by P. O’Brian et al. (left). The SEM images presenting the flake like morphologies of SnS films 
deposited from the diorgano Sn (IV) dithiocarbamate at different temperatures (right).134  
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the metallic films, or a metal oxide film when exposed to air.146 These precursors require 

additional H2S in the carrier gas to deposit a metal sulphide composition. 

 

 

 

 

 

 

 

 

Dithioether Sn(IV) complexes, such as [Sn(SCH2CH2S)2], supresses the disulphide elimination 

mechanism, exhibited by the monodentate thiolates. AA-CVD of [Sn(SCH2CH2S)2] was able to 

deposit SnSx films with and with-out H2S. Although, the samples were not continuous, 

contained mixed phases, depending on deposition temperature, and required high deposition 

temperatures, ranging from 350-550 oC.145  

An important consideration in organo-chalcogenolate chemistry is the chalcogenide-carbon 

(Ch–C) bond strength decreases significantly as you descend the periodic group, meaning 

organo-chalcogenide complexes of selenium or telluride often decompose to their respective 

metal chalcogenide.147 A series of air and moisture stable diorganotin(IV) pyrimidyl 

selenolates have been isolated by A. Tyagi et al. by reacting sodium 4,6-dimethyl-2-pyrimidyl 

selenolate with diorgano tin(IV) dichloride. The AA-CVD of [tBu2Sn[SeC4H(Me-4,6)2N2]2] in 

toluene at 375 oC via AA-CVD produced SnSe2 thin films, but with rough flake like 

morphologies.148 

A series of moisture and air stable thio- and seleno ether complexes of group 4 tetrahalides 

isolated by G. Reid et al. have also been evaluated as single source precursors to ME2 /ME 

films, using LP-CVD methods. The distorted octahedral Sn(IV) complexes of [SnCl4[o-

C6H4(CH2SMe)2]] and  [SnCl4(Et2Se)2] were shown to deposit SnE/SnE2 (E= S or Se) films at 

Figure 1.28: Proposed thermal decomposition mechanism of Sn (IV) tetrathiolates (left). 
Crystal structure of the complex (PhS)4Sn isolated by K.C. Molloy et al.138 
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650oC and 500 oC respectively. Depending on the position of the substrate in the reactor 

samples were shown, by PXRD and EDAX, to possess a either SnE or SnE2 (E= S or Se) phases. 

Although these systems act as effective air stable single source precursors (without the need 

for H2S), they required high deposition temperatures and were not selective for SnE/SnE2 

phases.104 Successively, the same group isolated moisture sensitive complexes of 

[SnCl4[nBuSe(CH2)nSenBu]] (n=2,3). From these they were able to selectively deposit SnSe2 at 

400-600 oC, using LP-CVD. Interestingly SnSe2 crystallites grew favourably onto 5 µm SiO2 and 

TiN regions on patterned silicon (Figure 1.29), and this is believed to be caused by the different 

interactions between the ligands on the precursors and substrate materials.149 

 

 

 

 

 

 

 

Organo-Tin Chalcogenides  

There has been a number of studies looking at organo-tin chalcogenide precursors. P. 

Boudjouk et al. produced a series of linear and cyclic aryl substituted tin chalcogenide 

complexes of either [Bn3Sn2E] (linear) or (Bn2SnE)3 (cyclic) (E = S, Se, Te) composition. The S 

and Se derivatives were synthesised by reacting either Bn3SnCl (linear) or Bn2SnCl2 (cyclic) with 

Na2E (E = S or Se), whereas the Te derivative were formed from the reaction of Bn2SnCl2 (cyclic) 

with Te(NH4)2. These compounds have not yet been used in AA-CVD experiments, but pyrolysis 

under inert atmospheres showed that they undergo different thermal decomposition 

processes where the linear complexes led to the generations of SnE, Sn and dibenzyl products 

and the cyclic complexes decompose to SnE and dibenzyl (see Scheme 1.).150 Furthermore, 

there was evidence that the (Bn2SnTe)3 systems decomposed at room temperature making it 

a less practical CVD precursor.151 

Figure 1.29: Crystal structure of the seleno-ether complex [SnCl4[nBuSe(CH2)2SenBu]] (left) 
and the highly selective deposition of SnSe2 onto SiO2 patterned Si using LP-CVD.141  
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A series of bis(bis(trimethylsilyl)methyl)tin(IV) chalcogenide complexes with the 

[Sn[(SiMe3)2CH]2(μ-E)]2 (E = S, Se and Te) structure have been synthesised and isolated by J.J. 

Schneider et al. and appear to be interesting single source precursors,152 and have been 

studied by K-H. Dahmen and I.S. Chuprakov in a series of MO-CVD experiments. These 

compounds were found to be air and light stable and volatile under vacuum, unlike the 

structurally similar [[(tert-butyl)2SnE]2] (E = S, Se, and Te) derivatives, which are especially light 

and moisture sensitive.153  MO-CVD  of [Sn[(SiMe3)2CH]2(μ-Te)]2 presented selective 

deposition towards metallic substrates compared to Si and SiO2, and stoichiometric single 

phase SnTe films can be deposited at 400 oC onto gold coated quartz substrates.154  

 

 

 

 

 

 

 

 

Chemistry of Chalcogens and Lappert Stannylenes 

The aforementioned bis(bis(trimethylsilyl)methyl)tin(IV) chalcogenide systems derive from 

the family of tin compounds known as ‘Lappert stannylenes’, which are sterically stabilised 

bivalent tin complexes, and first characterised by Prof. Michael F. Lappert in 1976. Stability is 

2 µm SnTe 

MO-CVD 

Figure 1.30: Crystal structure of the bis(bis(trimethylsilyl)methyl)tin(IV) telluride 
[Sn[(SiMe3)2CH]2(μ-Te)]2 (left) and the SEM images of  SnTe films deposited onto gold 
coated quartz substrates.  

Scheme 1.5: Different decomposition pathways of a) linear or b) cyclic aryl substituted tin 
chalcogenide precursors.150-151 

 

 

a) 
b) 
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achieved by using bulky ligands such as bis(trimethylsilylmethyl) [-CH(SiMe3)2] (TMSM) or 

2,4,6-tris[bis(trimethylsilyl)methyllphenyl or bis(trimethylsilyl)amides  N(SiMe3)2 (HMDS).155 It 

is calculated that divalent heavier group 14 complexes possess singlet electronic ground states 

with the (5s)2(5p)2 valence electron configuration and stabilisation can occur through both 

kinetic (steric) and thermodynamic stabilisation of the vacant pz-orbital on the metal.156, 157  

Subsequently, tin (IV) chalcogenide complexes can be synthesised by the oxidative reaction 

with Sn (II) stannylenes and elemental chalcogens (Scheme 1.5). The bridged µ-E moiety is one 

of many tin (IV) chalcogenide structures that can arise from reactions with Lappert 

stannylenes. Depending on the sterics and electronics surrounding the tin centre either 

terminal double bonded L2Sn=E systems,158-160 bridged µ-En,152, 161, 162 or di/tetra cyclic ring 

modes163-165 can be isolated from these reactions, see Scheme 1.5.166 It has been proposed 

that systems of this type could act as effective CVD single source precursors for the 

stoichiometric and oxidative control of tin chalcogenide materials.  

 

 

 

 

 

 

 

 

 

Chalcogeno Tin (II/IV) Guanidinate Complexes 

As mentioned above stannylene complexes maybe stabilised through both steric saturation 

and/or by thermodynamic stabilisation and it is possible to achieve this by using N-substituted 

ligands, such as amidinates, formamidinates, guanidinates161 or pincer-type ligands, of the 

NNN donor set.167 In Section 1.5.3, the N-heterocyclic stannylenes ALD precursor, isolated by 

R. Gordon et al., is an example.106   

Cyclic Ring Terminal Bridged  

Scheme 1.5: Three common types of bonding modes resulting from the oxidative 
addition of elemental chalcogens to stannylenes. 
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Unusually, the guanidinato mono-anionic ligands are the least investigated among the π-

electron-rich N−C−N ligand systems with a delocalised N−C(N)−N moiety (Scheme 1.6), while 

many formidinates and amidinates complexes have been reported in the literature.  

 

 

 

 

 

An early synthetic approach, presented by T. Chlupaty et al, demonstrated the facile routes to 

homoleptic and heteroleptic guanidinato stannylenes, via the controlled and stoichiometric 

insertion reactions of carbodiimides with tin(II) amides.161 Guanidinates can be readily 

modified to possess either symmetric or asymmetric substituents. By varying R-groups on the 

amine (RRN-C) back bone, one can modify the sterics imposed by the ligand and effect the 

degree of delocalisation within the CN3 core.  The delocalised electronic structure of 

guanidinates also enhances their electron donating properties (Scheme 1.6).168, 169 

 

 

 

 

 

 

 

 

 

Figure 1.31: Coordination of mono-anionic bidentate N-substitute ligands (i.e. 
guanidinate) within a stannylene complex (left). Molecular orbital diagram describing the 
bonding and non-bonding interactions, stabilisation is achieved by the dative co-
ordination into the vacant pz orbital on the tin orbital (right).  

Scheme 1.6: Resonance forms for a guanidinates ligand, with the zwitter ionic form (right) 
only possible when there is delocalisation of electron density from the NR2 backbone.  
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Molecular orbital theory predicts that the hyper valent tin complexes are stabilised by the 

bonding interactions with bidentate N-heterocyclic ligands, such as a guanidinate. It is 

predicted that the tin is sp2 hybridised and able to form two N-Sn σ-bonds and one non-

bonding inert pair. Furthermore, donor stabilisation is achieved by the dative bonding (and 

non-bonding) interaction between the lone pair of electrons on axial N atoms and  the vacant 

Sn pz orbital (Figure 1.31). Subsequently, it is observed that di-substituted tin (II) guanidinates 

form distorted trigonal bipyramidal geometries, and the mono-substituted, form distorted 

tetrahedrals, which supports this theory. Furthermore, chelated di-anionic ligands such as 

N2,N3-di-tert-butylbutane-2,3-diamine form tin (II) complexes with a distorted trigonal planar 

geometry with no donation into the vacant pz site.106  

 

 

 

 

 

 

 

 

 

As mentioned above, guanidinato stannylenes can under-go oxidative addition with 

chalcogens to form guanidinato Sn (IV) chalcogenide complexes that can exist in a number of 

bonding modes and could possibly act as single source precursors to tin chalcogenide 

materials.162, 165 Although the oxidative formation of the complexes leads to tin precursors in 

the 4+ oxidation state, this does not necessarily determine the oxidation state of the resultant 

tin chalcogenide film. One study by S.T. Barry et al., using a combination of matrix isolation, 

time-of-flight mass spectrometry (TOF-MS), and computational chemistry (DFT),  produced an 

informative insight into the gas-phase thermolysis and fragmentation of copper (I) 

guanidinate ALD precursors. Interestingly, it was demonstrated, that if the guanidinate ligand 

Figure 1.32: Crystal structure of cyclic tetrasulfido tin (IV) complex,  [[ArNC(NiPr2)NAr] 
SnN(SiMe3)2(S4)] (left)  and dimeric bridged seleno tin (IV) complex,  [[ArNC(NiPr2) 
NArN(SiMe3)2Sn(μ-Se)]2] (right). Isolated by M. K. Barman and S. Nembenna by the oxidative 
reaction of elemental chalcogens with heteroleptic guanidinato-amido stannylenes.158 
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possessed and available β-hydrogen, the complex would decompose via a reductive β-

hydrogen elimination process, leading to a 1 electron reduction of the metal centre per 

guanidinate unit. They also showed that a de-insertion of carbodiimide was also a possible 

pathway, but less favourable.170 If the de-insertion process occurs, the dialkyl-amide formed 

from this pathway can also decompose via a reductive β-hydrogen elimination, resulting in 

the formation of an imide and an unstable metal hydride. The metal hydride can then under-

go further dehydrocoupling reactions, resulting in the overall reduction of the metal centre 

and the release of H2(g) (see Scheme 1.7).  

 

 

 

 

 

 

 

 
 Therefore, depending on the number of guanidinate ligands, the chalcogenide oxidation 

states, their bonding moiety and stoichiometries, these types of complexes can be easily 

modified to selectively produce either Sn, SnE or SnE2 phases with precise control.  

 

 

 

 

 

 

a) b) 

a) 

b) 

Scheme 1.7:  Thermal decomposition pathways for guanidinate ligands. Either (a) the gas 
phase direct β-hydrogen elimination and guanidine formation or (b) in the solution phase, 
de-insertion of carbodiimide and subsequently β-hydrogen elimination.  

Scheme 1.8: Proposed thermal decomposition of two chalcogeno tin (IV) guanidinate 
complexes with different chalcogenide bonding moieties, can lead to either (a) SnE or (b) 
SnE2 phases. (E = O, S, Se or Te) 
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Tin(II)/(IV) Ureides  

At the time of writing this PhD. thesis, no 

mono-anionic thio-, seleno- or telluro-ureide 

complexes of any main group metal had been 

isolated, structurally characterised nor 

investigated as a CVD precursors.  

The first stannous ureide complex Sn-

[OC(NMe2)Ntbut]2 was isolated by T. 

Wildsmith et al. and was reported to be an 

effective AA-CVD single source precursor that 

could selectively deposit the lower oxidation 

state tetragonal SnO phase SnO at 250-350 oC under inert atmosphere from toluene solutions. 

XRD analysis of films deposited onto glass substrates at >300 oC presented only crystalline 

tetragonal SnO diffraction patterns and Raman spectroscopy observed only peaks associated 

with SnO at all temperatures. No other phases such as SnO2, Sn2O3 or Sn3O4 were observed, 

although from high resolution XPS analysis, both peaks associated with Sn(IV) and Sn(II) where 

observed only on the un etch surfaces of the samples and after argon etching it was confirmed 

that the bulk of the material consisted of Sn(II).172  

This Sn(II) ureide complex was the first demonstration of a careful molecular design to form 

less stable lower oxidation state tin chalcogenide materials, via low temperature AA-CVD. 

Most interestingly is that the precursor was easily synthesised from the insertion reaction of 

2 equivalent tert-butyl isocyanate with [Sn(NMe2)2]2. Therefore it is of further interest to 

synthesise and characterise other chalcogeno-ureide Sn (II) complexes, and explore systems 

where the O chalcogen can be substituted with either S, Se or possibly Te. 

 

 

 

 

Figure 1.33:  Crystal structure of the 
stannous ureide complex 
Sn[OC(NMe2)Ntbut]2.172 

 

Figure 1.34:  General structure of a chalcogeno-ureide ligand. 
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1.8 Design and Synthesis of Novel Tin Chalcogenide Complexes 

In general the activation of carbon dioxide by metal complexes has been shown to occur in 

systems possessing nucleophilic ligands, such as alkoxides and amides. The carbon dioxide 

molecule is well known to insert into the M-O or M-N bonds to form a metallo-alkyl carbonate 

or alkyl carbamates.173, 174 This insertion reaction has been shown to proceed via the formation 

of a four-membered transition state (σ bond metatesis) where the alkoxide or amide acts as 

a nucleophile towards the δ+ carbon atom at the centre of the CO2 molecule and the δ- oxygen 

coordinate to the metal cation.175  Interestingly, the same insertion reactions can be achieved 

with heteroallenes that are isoelectronic to CO2, which may include carbodiimides, seleno-

/thio-/isocyanates, carbon disulphide/selenide and ketenes.176 As discussed previously the 

insertion reaction has already been adopted as a successful and simple synthesis route to a 

wide range of ligands systems and can lead to the formation of a number of metal 

chalcogenide single source precursors, such as xanthates (CS2), dithiocarbamates (CS2), 

guanidinates (carbodiimides) and most recently explored chalcogeno-ureides (isocyanates). 

Subsequently, this insertion reaction will be the route adopted throughout this report and be 

used to design and easily synthesise new ligand systems, and tin chalcogenide precursors.  

 

 

 

 

 

 

 

 

Figure 1.35:  The simple insertion reactions with compounds isoelectronic to CO2 can lead to 
various complexes. Thio-isocyanates and carbodiimides can insert in tin (II) amides at various 
stoichiometries. The resultant compounds can be further oxidised by elemental chalcogens 
to design new molecular precursors. 
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Due to the presence of the C-N’R2 component on a guanidinate or a chalcogeno-ureide ligand 

system, they share similar electronic and structural characteristics. The π rich 

NR−C(NR/E)−N’R2 (E = O,S or Se) centre allows for a significant lone pair interaction and 

delocalisation of electron density, which enhances the electron donating properties of the 

ligand. Interestingly, these properties can be controlled by the orientation and hybridisation 

of the C-N’R2 backbone, which is effected by the steric demand and electronic character of R 

substituents surrounding the NR−C(NR/E)−N’R2 core. When the C-N’R2 is in a planar sp2 

hybridised geometry and orientated planar to the NR−C(NR/E)−N’R2 core, there is significant 

overlapping between the lone pair of electrons on the nitrogen in the C-N’R2 unit and the 

central sp2 ipso carbon at the centre of the NR−C(NR/E)−N’R2 fragment. To achieve this 

conformation in the C-N’R2 backbone, the R groups surrounding the ligand are generally less 

sterically demanding allowing them to position in plane with entire ligand system. The degree 

of this interaction will determine the overall σ or π basicity of the ligand system and it can be 

tailored in accordance to the size and electronic behaviour of R substituents (see Figure 1.36).  

  

  

Figure 1.36: (Left) Illustration of how the orientation of the C-N’RR’ group effects the 
delocalisation of electron density surrounding a π rich N-C(X)-N core. (Centre) Possible 
resonance forms that can be obtained from the delocalised system. (Right) Types of co-
ordination geometries of mono anionic guanidinate and ureide ligands.  

   

*Bond length here can be used to clarify the extent of the aromatic interaction 

* 
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1.9 Thesis Structure 

Design, Synthesis and Screening of Tin Chalcogenide Precursors 

It is clear that there is still significant room for improvement in terms of making new molecular 

tin chalcogenide precursors for AA-CVD. Many of the current precursor types either require 

high deposition temperatures, produce poor quality films with small grain size, result in high 

levels of contaminates (i.e. carbon and oxides) or do not select for either SnCh or SnCh2 

phases. 

Therefore the initial objectives of this PhD project, are to: 

 Design, synthesise and isolate a range of novel tin chalcogenide precursor candidates, 

that are expected to be highly selective for either SnCh or SnCh2 phases, including, SnS, 

SnS2, SnSe, SnSe2 and SnTe. 

 Develop molecules that may have potential precursor capabilities to deposit mixed tin 

chalcogenide materials, such as SnSxSe1-x and SnSySe2-y, with selective stoichiometric 

control and at low deposition temperatures. 

 Screen isolated compounds for their viability, using various techniques, such as 

thermal gravimetric analyses (TGA), and then test a selected number of complexes in 

a series of AA-CVD experiments. 

 Determine the effectiveness of precursors by examining the thin film samples, looking 

specifically at their appearance, phase purity, crystallinity, coverage, compactness, 

topology, substrate adhesion and other significant properties that will determine film 

quality.  

Optoelectronic Properties of Thin Film Samples 

As discussed, various tin chalcogenide semiconductor materials can be used in a wide range 

of potential applications. Therefore, the second part of this project will be to characterise the 

optoelectronic properties of materials and determine any significant semiconductor 

properties of different samples, such as the band-gap, dominant doping type (n- or p-type), 

doping density, conductivity, photoelectrochemical response, or flat band potential, and use 

this data to determine the suitability of samples in various optoelectronic devices. 
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Investigation of SnS Based Thin Film Solar Cells 

A third part of this project is concerned with investigating tin chalcogenides for energy 

harvesting applications. Tin mono-sulphide (SnS) has promising semiconductor properties that 

make it a potential low cost, and non-toxic light absorber material in thin film solar cells. 

However, SnS based PV’s currently suffer from low solar conversion efficiencies reaching only 

4.63% for the record efficiency devices.4 Most recently, it has become known that SnS can 

exist as two stable polymorphs at room temperature, either the meta-stable cubic phase or 

the more common (Herzenbergite) α-SnS phase. Until now many accounts of SnS device 

fabrication, do not distinguish between the two polymorphs or addressed concern towards 

polymorphic purity in the SnS layer in devices. With a highly selective route to deposit SnS of 

either polymorph, it would be of extended interest to fabricate a series of SnS PV devices 

consisting of the cubic or α-SnS films and characterise their distinctive photovoltaic properties.  
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Aerosol-assisted CVD (AA-CVD) has recently been presented as a viable low cost, atmospheric 

pressure, solution based deposition process, and has generated considerable interest for 

exploring new routes to fabricate a wide range of thin film materials. As presented in Chapter 

1, the utilisation of AA-CVD allows for a wider range of novel molecular precursors and 

precursor solutions to be investigated, since the design emphasis is no longer on volatility of 

the precursors, but on their solubility and decomposition profile. It was discussed in Chapter 

1, that the family of binary tin sulphide semiconductors of SnS or SnS2 stoichiometries are an 

exciting class of non-toxic and abundant materials, which are currently being explored for a 

number of potential applications. Specifically, SnS2 exhibits properties ideal for 2-D ion 

diffusion battery materials,1-6 supercapacitors,7 nano-scale FETs,8 high surface area photo-

catalytic materials,9 stable semiconductors for hydrogen generation10, or as a non-toxic n-type 

buffer layer to possibly substitute for cadmium sulphide (CdS) in thin film photovoltaics. The 

last of these applications will be evaluated in this chapter. 

In order to understand the context of the research presented in this chapter, a literature 

review on the wide variety of established/ tested low-cost chemical routes to produce SnS or 

SnS2 thin films is evaluated, before presenting the results of the study. The overview, 

summarises the vast range of chemical precursors and deposition processes shown to produce 

metal sulphide nano materials, from both ‘batch’ processes, such as chemical bath deposition 

(CBD), and ‘continuous’ processes, such as spray pyrolysis or conventional CVD. 

The study in this chapter presents a new methodology of selectively growing crystalline SnS2 

thin films at low temperatures, whilst utilising a low cost, air-stable and non-toxic, 

‘combustion’ precursor solution.  

The results present the first example of ‘combustion processing’ for metal sulphide materials, 

where the precursor allows for the deposition of a thin film at  substrates temperatures as low 

as ~275 oC, whilst using a scalable and low cost AA-CVD technique. This ‘combustion process’ 

is assumed to produce localised heating upon deposition, which facilitates the formation of 

Chapter 2: Aerosol Assisted Chemical Vapour 
Deposition of SnS2 from Combustion Processing 
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crystalline materials at lower substrate temperatures compared to conventional processes. 

These results report on the synthesis and isolation of α,α-Dithiobisformamidinium Dinitrate 

(αDD) from nitric acid solutions containing thiourea and stannous chloride. It has been 

presented from thermal analysis that αDD decomposes exothermically at low temperature 

and serves as an especially adequate precursor for the combustion processing of tin disulphide 

and promising novel sulphide precursors that has the potential to be widely used in the 

solution deposition of other crystalline metal sulphide thin films. Furthermore, the 

decomposition mechanism of the precursors in solution and their preferential selectivity to 

deposited SnS2 over SnS, at low temperatures, is discussed. 

From an optimised precursor solution containing αDD, high quality, crystalline SnS2 thin films 

were deposited onto glass, FTO and graphene substrates at a furnace temperature of 275 oC. 

A comparison of film morphologies, photo-electrochemical responses and external quantum 

efficiency (EQE) measurements of the SnS2 deposited onto FTO and graphene substrates are 

presented. From bias dependant EQE measurements it has been possible to indirectly 

determine the doping density of the SnS2 samples. All SnS2 thin films possessed n-type 

conductivity indicated by the distinct anodic photo current generated by all samples, 

furthermore, all samples demonstrated high quantum efficiencies (>10 % at <500nm), and are 

comparable to standard n-type CdS thin film samples deposited onto FTO by chemical bath 

deposition methods.  
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Background  

For the purpose of this work a precursor solution/mixture is defined as a prepared solution 

containing all the chemical components required to deposit a thin film of a desired material, 

preferentially using a low cost non vacuum deposition process.  Solution based non vacuum 

AA-CVD processes are of interest to investigate because they’re scalable using simple, and low 

cost equipment, as discussed in Section 1.6. It is imperative to establish a brief review of the 

types of chemical components used in precursor solutions to deposit metal sulphide thin films.  

Presented here is only a brief summary of common chemical components used within solution 

deposition processes targeting metal sulphide materials. In order focus directly on 

‘sustainable’ chemical technologies, the review will avoid methodologies that consist of toxic, 

rare, expensive or non-air stable chemical components, which may include, hydrazine, 

hydrogen sulphide, some thiols, such as alkyl thiols, and toxic/carcinogenic solvents, such as 

hexane, benzene, dichloromethane (DCM) or dimethyl sulfoxide (DMSO).  

2.1 Solution Deposition of Metal Sulphides 

To design an effective precursor solution, the dissolved chemical components often undergo 

a thermal or chemically-initiated decomposition pathway from which the resultant metal 

sulphide material precipitates. The metal sulphide must form at a convenient initiation 

temperature (i.e. not at room temperature so that solution do not decompose during storage, 

nor at high temperatures above 500 oC requiring high energy input) Furthermore the rate of 

decomposition must not be too slow, causing very slow deposition/film growth (< 1nm min-1), 

requiring long, inconvenient deposition times, but also at a rate that is not too fast, which can 

cause the resultant films to be highly amorphous or of poor quality and may lead to the 

decomposition of precursors in the vapour phase. When designing a precursor solution for 

AA-CVD, the decomposition event and metal sulphide formation must occur when the 

precursor solution or aerosol droplet is within a certain distance from the substrate surface, 

since pre-reaction/ pre-decomposition can result in the metal sulphide not reaching the 

substrate. To achieve such conditions the precursor solution can be designed to undergo a 

rapid, thermally-initiated decomposition pathway at a specific temperature, which is only 

reached when the precursor solution is in contact with, or within close proximity to the 

substrate surface (or within the boundary layer of the substrate).  
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It is important to consider the by-products of a decomposition mechanism. During deposition 

by-products should not precipitate out of 

solution, as this may inhibit film growth or 

contaminate the deposited thin films. To 

prevent this from occurring either gaseous, 

volatile or soluble by-products, which are 

chemically inert or thermally stable to the 

resultant thin film surface, are predetermined. 

For example, the highly soluble hydrazinium 

based salts of metal chalcogenides [e.g. 

(N2H5)4(Sn2Ch6)] would be ideal precursors for 

the solution deposition of metal sulphides, since 

they thermally decompose to form the target 

metal chalcogenide material, producing gaseous 

inert non-contaminating by-products, N2 and H2. 

Unfortunately, these precursors are formed 

from highly flammable, explosive, and toxic 

hydrazine solutions.11, 12 

Since the precursor solutions considered in this chapter consist of multiple components and 

not single source, the concentration and relative ratios of chemical components must be 

considered, as this can affect the elemental stoichiometry of the resultant films. Considering 

the deposition of tin sulphide, SnS, Sn2S3 and SnS2 phase can be generated; one can assume 

using precursor solution consisting of excess sulphur to tin may favour the formation of SnS2 

or Sn2S3 phases and sulphur deficient solutions may favour the formation of SnS. However, it 

is also important to not only consider these factors but also refer to the temperature, 

pressure, and stoichiometric phase diagrams of the system being deposited (See Section 

2.3.3) in order to optimise the deposition conditions to generate the target phase.13 14 

The common chemical components used in the established solution deposition processes are 

categorised as the sulphide source, the metal cation and anion pair, solvent, complexing 

agent and initiators, in which the latter two are of greater importance in CBD techniques. 

Furthermore, since AA-CVD is a fairly recent deposition process, examples of precursor 

Figure 2.1:  Precursor Solutions contain 
the necessary components to deposit the 
desired thin film. For metal sulphides the 
solutions may contain a sulphur source, 
metal cation, stabiliser, and initiator (i.e. 
fuel and oxidizer). Examples of possible 
chemical components are presented. 

Metal  

Cation 

Sn2+ 

Initiator, Oxidiser  
& Fuel 

Solvent 
C2H5OH 

H2O 
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solutions from other solution-deposition processes, such as spray pyrolysis, CBD, 

electrochemical depositions and spin coating, will also be considered in the following Sections.  

2.1.1 Sulphide Component: 

The most significant component of a metal sulphide precursor solution is the sulphide source, 

as it provides the necessary S2- anion.  

A large variety of sulphide components have been used within precursor solutions and these 

include elemental sulphur,15-18 thiourea,19-33 ammonium thioisocyanates,34,35 

thioacetimides,36-40 thiosemicarbozide,25,41 carbon disulphide,42 L-Cysteine,43 ammonium 

thioglycolate,44 sodium sulphide,20, 45, 46 sodium sulphate47 and hydrogen sulphide or 

diammonium sulphide.14, 22, 48, 49  

Thermal Decomposition of Thiourea 

Thiourea (TU) is the most common sulphide source used in solution deposition techniques as 

it is non-toxic, low cost, has a long shelf life, high solubility (in most solvents), small molecular 

mass and carbon content, and often forms volatile by-products upon decomposition. Density 

functional theory (DFT) calculations, by Z.D.Wang et al., predict that the thermal 

decomposition mechanism of thiourea involves a number of possible cascade pathways and 

they suggest two distinct decomposition mechanisms at different temperatures (See Scheme 

2.1).  

 

 

 
The decomposition mechanism of thiourea proceeds via a tautomerization to isothiourea, 

which then decomposes to carbodiimide (HN=C=NH) and hydrogen sulphide (H2S) and is 

favourable at low temperature (c.a. 180 oC). However, at elevated temperatures (>220 oC) 

there are several other possible decomposition pathways that lead to the generation of 

Scheme 2.1:  Primitive thermal decomposition pathways of thiourea. The products 
favoured under low temperature (LT) and high temperature (HT) conditions. Proposed by 
Z.D. Wang et al.50  
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ammonia (NH3), isothiocyanic acid (HS-C≡N), ammonium thiocyanate (NH4SCN), and less often 

guanidine (NH2CNH2NH), Scheme 2.1.50   

Thiourea can undergo a number of other decomposition mechanisms that may be thermally,26  

chemically51 or photo-chemically22 initiated. Thiourea has been shown to act as a co-

ordinating ligand either via dative bonding through the lone pair of electrons on the nitrogen 

atoms or often through the sulfur on the thiocarbonyl, and therefore forms a number of 

complexes with metal cations.23, 52 

 Cu(I), Zn(II) and  Sn(II) chlorides can form [Cu2(TU)6]Cl2·2H2O, ZnCl2(TU)2, Sn2Cl4(TU)5·2H2O, and 

SnCl2(TU) complexes from aqueous solutions of thiourea. J. Madarasz et al. undertook thermal 

gravimetric analysis (TGA) of these systems in the solid state. They identified a main 

decomposition step between 200 – 300 oC with a significant mass loss (~40 to 60%) for all the 

complexes. From spray pyrolysis experiments using these systems as precursors it was clear 

that thiourea was an effective source of sulphur, since each respective precursor led to the 

formation of Cu9S5 (Digenite), ZnS (zinc blende), and SnS2 (Berndtite) films at deposition 

temperatures <300 oC. However, these phases were not exclusive to the samples as evident 

by the XRD analysis and non-volatile white by-products were significantly apparent on the film 

surface. These contaminants required higher processing temperatures, in air, to be removed 

(>350 oC). However, since the deposition was undertaken in air and from aqueous solutions, 

oxidation and hydrolysis of the metals can be expected and metal oxides were formed at 

deposition temperatures > 370 oC.26 With this in mind, often the films formed from metal 

halide thiourea complexes may vary in quality depending on the material and deposition 

methods, and the crystallinity of the resulting films does not match that of hydrazine based 

solution deposition routes.  

Figure 2.2: Crystal structure of the SnCl2(TU) complex and co-ordination of thiourea to the 
molecular Sn(II) centre via lone pairs on the thiocarbonyl. 
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Within an atmosphere of air, TGA-coupled mass spectroscopy (MS) and Fourier transform 

infrared spectroscopy (FTIR) analyses, have been used to determine the gaseous by-products 

evolved from the thermal decomposition of thiourea and aforementioned thiourea metal 

halide complexes. It was observed that hydrochloric acid (HCl), cyanamide (NH2CN), 

isothiocyanic acid (HNCS), carbonyl sulphide (COS), carbon disulfide (CS2), carbon dioxide 

(CO2), sulfur dioxide (SO2) and ammonia (NH3) can be detected, but the predicted H2S was not 

traceable.  The absence of H2S could be a result of atmospheric oxidation to SO2 and H2O, and 

may still be observed in inert conditions. Importantly, the large variety of carbon-rich and 

acidic by-products from these precursors is predicted to be significantly detrimental to 

resultant metal sulphide film, possibly leading to contamination and acidic erosion.53-55 

K.T. Ramakrishna Reddy et al. also developed a technique where crystalline SnS, Sn2S3 and 

SnS2 films may be deposited from SnCl2 and N,N’tetramethyl thiourea in a 0.1 M aqueous 

solution. At 350 oC (and above) there was preferential deposition of SnS, which were shown 

to be (111) oriented, of high quality with average grain size of ~0.35 µm and ~600 nm 

thickness, an electrical resistivity of 30 Ω cm, a free carrier density of 1.65 x 1015 cm-3 and a 

Hall mobility of 128 cm2V-1s-1, which is exceptionally high since the mobility of optimised SnS 

films deposited by ALD exhibit mobilities ~20 cm2V-1s-1 at RT.56 From these deposited SnS 

samples, the same group were able to produce SnS solar cells with an impressive solar 

conversion efficiency of 1.3 %.57 Using similar spray pyrolysis techniques either using 

thiourea,58 or thiourea derivatives N,N’-diethyl thiourea,59 N,N’-dimethyl thiourea60 or 

N,N’tetramethyl thiourea as the sulphur source it is clear that at lower deposition 

temperatures secondary phases of SnS2 and Sn2S3 were evolved, and at higher temperatures 

SnS and SnO2, are formed. Even though specific deposition conditions can lead to the 

preferential formation of SnS thin films, most investigations examine these samples through 

XRD and EDS and there is the possibility of local off-stoichiometry’s and surface oxidation to 

be present, especially when samples are deposited in air from aqueous solutions. 

Furthermore, the surface morphologies of the SnxSy samples deposited from halide salts are 

non-homogenous and possess large non-interpenetrative crystallite grains with pin holes, 

which are undesirable for device fabrication. In addition, using metal halides often require 

acidic precursor solutions to prevent hydrolysis of the Sn2+ cation, which can be damaging to 

the film surface.28, 61  Finally, the non-reproducibility of high quality samples of SnS and SnS2 
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using such spray pyrolysis methods is also apparent, leading to mixed phases, amorphous films 

or high levels of oxygen, carbon and halide contamination. 

Chemically Initiated Decomposition of Thiourea 

Chemically initiated decomposition of thioacetamide and thiourea is often carried out for CBD 

processes and achieved by acid- or hydroxide- catalysed hydrolysis, where the latter is the 

most common protocol, especially for the CBD of CdS buffer layers for inorganic thin film solar 

cells, where the deposition must remain at low temperatures.62, 63  

 

 

Hydrolytic decomposition of thiourea leads to the formation of hydrogen sulphide (or 

ammonium hydrosulphide) and cyanimide or the tautomer carbodiimide by-product, which is 

likely to hydrolyse to urea.64 A similar hydrolysis mechanism is observed with thioacetamide.65 

In most cases the decomposition of thiourea and thioacetamide leads to the liberation of a S2- 

anion, in the form of H2S or (NH4)SH, and various volatile or non-contaminating by-products.  

L-Cysteine  

L-cysteine is a highly abundant non-toxic chiral amino acid which can be biologically and 

artificially synthesised.66-69 It has been recently examined as an alternative sulphur source to 

thiourea for a number of reasons (refer Figure 2.3). L-cysteine can form chelate complexes 

with metal cations via the thiol (R-SH), carboxylic acid (R-COOH) or amino group (R-NH2). Being 

multi-dentate it is expected to form higher affinity complexes than monodentate thiourea, 

thus inhibiting hydrolysis of the metal centres, subsequently less acidic precursor solutions 

are required with L-cysteine.70 The thermal degradation mechanism for L-cysteine is one that 

can result in a reduction of the metal cation via the formation of a disulphide71 or the 

formation of hydrogen sulphide. Biochemically L-cysteine produces hydrogen sulphide66 and 

as with thiourea, thermal degradation can also lead to the generation of hydrogen sulphide.72 

Studies show complexes of L-cysteine decompose at lower temperatures compared to 

equivalent thiourea complexes.70 In addition, there is greater control over oxidation state of 

the deposited metal sulphide across a larger temperature range in the case of tin sulphides. 

Due to the low deposition temperatures, achieved by the lower thermal degradation 

Scheme 2.2:  

 



An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for Applications in 
Energy Harvesting Devices 

 

- 81 -  

 

temperature of L-cysteine, the metastable cubic SnS and thermodynamically stable 

orthorhombic polymorphs of SnS can be deposited from precursor solutions consisting of L-

Cysteine.43 Other than this, there are not many studies using L-Cysteine to deposit films via 

solution-based chemical deposition methods43 and its has not yet been explored fully.  

Ammonium thioglycolate 

Another sulphur source that has recently sparked 

interest is ammonium thioglycolate (Figure 2.3), a 

low cost and marginally non-toxic component 

commonly used in perming lotion. Qingwen Tian et 

al. first reported the use of thioglycolic acid and 

ethanol amine, as well as, ammonium 

thioglycolate, as effective chemical agents that will 

dissolve a wide range of metal oxides, and form 

non-toxic aqueous precursor solutions from this. 

Using these solutions they were able to produce a 

wide range of nano-crystalline thin films of metal 

chalcogenide materials from low cost and simple 

spin coating and annealing methods. The mechanism by which the thioglycolate decomposes 

is not completely understood, but it is likely that hydrolysis of this compound within an 

aqueous solution generates hydrogen sulphide. The method is restricted, however, by the fact 

that an additional post-annealing steps in a chalcogenide atmosphere are required to increase 

the size of the nano-crystallites produced from the specified deposition process.44, 73                               

  

 

Thiosemicarbozide : 

: L-Cysteine 

Thioacetimides : 

: Ammonium Thioglycolate 

: N,N-dimethyl Thiourea 

Figure 2.3: Molecular structures of 
various soluble sulphur sources. 

 



I. Y. Ahmet 
 

- 82 - 

Redox Chemistry of the Sulphur Source 

Although metal to sulphur ratios and temperature may have a significant influence on the 

stoichiometric phase of the deposited metal sulphide, the redox chemistry of the sulphide 

source may also have a significant effect, especially if the metal exists in a number of stable 

oxidation states, as with tin. In general the sulphide source can mediate via three formal 

oxidation states, either as elemental sulphur (S8, S0), disulphide (RS-SR, S-) or as a sulphide 

anion (S2-). The formation of these different sulphur species can determine the oxidation state 

of the resultant metal sulphide and the nature of the terminating surface. The reactions 

presented in Table 2.1 demonstrate the influence this may have on the generation of tin 

sulphide phases. 

 

Redox Chemistry of the Different Sulphur Species Reference 

Disulphide (RS-SR):    

 
(74) 

 
(75) 

Elemental Sulphur (S8):  

 
(76) 

 
(77) 

Sulphide Anion (S2-):    

 

 

(78, 79) 

 

 

(14, 80, 81) 

 

 Table 2.1: Overview of the redox chemistry for different sulphide species with Sn, Sn(II), 
and Sn(IV) and the proposed SnSx reaction products. 
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2.1.2 Metal Salts: 

As with the sulphide/chalcogenide component of a precursor solution, the type of 

metal salt or metal anion used can significantly influence the level of contaminants in 

the resultant films as well as the decomposition mechanism and speed of deposition, 

and thus can subsequently determine the quality of the thin film samples produced.  

Halides, nitrides, oxides, and carbides are the main contaminant species that can be 

found in a metal chalcogenide thin film and in most cases these are produced by the 

chosen anion.82  

There are a wide range of anions which can be used within a precursor solution and 

often include metal oxides/ hydroxides (HO-),31, 46, 73 halides (Cl-),15, 17, 19, 23, 26-33, 38, 46, 82-

86 nitrates (NO3
-),20, 24, 30, 31, 38, 45, 72, 87, 88 sulphates (SO4

2-),89, 90 formates (HCOO-)91, 

acetates or carboxylates (RCOO-)22, 31, 33.  

When selecting a metal salt for the development of a novel precursor solution for the 

AA-CVD process, a number of criteria must be considered:  

 Use of non-toxic or flammable reagents. For example, often stannous chloride (SnCl2) 

is selected above stannic chloride (SnCl4) because it is a less toxic (it is a stable food 

additive, E512) compared to highly toxic SnCl4. 

 Solubility in green solvents, such as ethanol or water. 

 Does not hydrolyse, decompose or oxidise/reduce rapidly under ambient conditions 

to form insoluble products.  

 Results in the minimum number of contaminants upon decomposition, with 

preference towards gaseous non-reactive by-products. 

Halides are the most common metal salts used in solution deposition processes, but require 

higher deposition temperatures, and often lead to hydrolysis of the metal cation in aquous 

solutions (as with tin chlorides), result in significant contamination and as well as acidic 

damage of the deposited films.32 

Interestingly, studies by Sara Tombolato et al.,91 and Ulrich Berner and Markus Widenmeyer,92 

revealed that stable metal formates can act as effective precursors for the deposition of 
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metallic films. Their studies showed that indium (In[O2CH]3), gallium (Ga[O2CH]3), copper 

(Cu[O2CH]2), Zinc (Zn[O2CH]2), and tin (Sn[O2CH]2) formates may be synthesised either from 

their respective nitrate salts (or from tin methoxide) by addition of formic acid to a 45 and 55 

wt% tetramethyl guanidine/ methanol solution. The precursor solutions were viscous enough 

to be deposited by doctor blade methods under inert conditions. By TGA analysis it was 

observed that the formate salts decomposed at around 120 oC and the decomposition 

mechanism of the formate was predicted to lead to a reduced metallic film with the 

generation of unreactive and non-contaminating gaseous by-products (Scheme 2.3). Un-

practically the precursor solutions did not contain a chalcogenides source, and the deposited 

metal films required post annealing in chalcogenide atmospheres to produce the targeted 

Cu2SnZnSxSe4-x composition (see Figure 2.4).91, 92  

 

 

However, the fact that a formate salt may control the redox chemistry of the resultant films is 

an interesting concept. In addition, they also see that the formate anion leads to the 

generation of volatile non-reactive by-products, which prevent contamination of the thin film, 

and thus assist in generating very high quality thin films of metal stacks. 

 

 

 

 

 

 

 

 

Figure 2.4: a) Vial containing the ink consisting of the metal formate based precursor 
solution used the deposition of metallic films containing Cu, Zn and Sn. b) SEM image of the 
selenized Cu2ZnSnSe2 films deposited from the formate precursor solution. 

a) b) 

Scheme 2.3: 

:  
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Although a number of metal salts may be selected, it is possible to modify of the inner sphere 

complexation of a metal species, by a simple substitution of coordinating ligand. For example 

coordinating species such as ammonia (NH3), triethylamine (Et3N), citrates or EDTA, may be 

added to a solution containing a metal halide and these ligands can form stronger inner sphere 

complexes with the metal centre. Such complexing agents can be used to control the rate of 

deposition by slowing the rate of dissociation, and allow for the controlled release of the metal 

cations (Mn+).89, 90, 93 Although this may not be of importance to CVD processes, complexing 

agents may also be used to stabilise the precursor solution whilst it is stored.32 
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2.1.3 Nitrate Anion and Combustion Processing: Metal Oxides 

Metal nitrate salts have been widely investigated for the chemical deposition of metal oxide 

materials, but scarcely used in the fabrication of metal sulphide thin films. One particular 

break-through was presented in a 2011 Nature Materials paper, by T J. Marks et al. In this 

study a novel chemical deposition route was presented. This new method was able to produce 

thin films of a range of transparent conductive oxides, including Indium oxide (In2O3), Zinc-

doped Tin Oxide (ZTO), Zinc doped Indium Oxide (IZO) and Tin-doped Indium Oxide (ITO). 

Significantly, the novel precursor solutions presented in this study consisted of non-toxic 

alcohol based solvents and generated crystalline, high performance metal oxide materials at 

low deposition temperatures.24 The key to the success was through the design of ‘self-

combusting’ precursor solutions, which generated localised heating upon deposition, which is 

similar to what a laser annealing processes achieves in production of crystalline silicon 

semiconductors, but the localised thermal energy is obtained from the chemical energy of 

precursors.94  

The authors highlight the differences between the ‘conventional’ and ‘combustion’ methods, 

where the former requires high processing temperatures (500-700 oC) a few hundred degrees 

above the temperatures that polymeric flexible substrates can withstand (for example the Tg 

of polyamide amine is 270 oC), whereas the ‘combustion’ method only requires moderate 

heating of the substrate to achieve full decomposition of the precursors and deposition of the 

crystalline thin film materials (200-270 oC).24 

 

 

 

 

 

 

 
Figure 2.5: Reaction profile diagram comparing the energetics for a ‘conventional’ method 
with a ‘combustion’ deposition methods. 
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The combustion process is achieved through a simple design of the precursor solution so that 

is will consist of a chemical oxidiser and fuel source. A combustion process can then be 

achieved by supplying three necessary components, which consists of an oxidizer, fuel and 

heat source, as shown in Figure 2.7.  

 

 

 

 

 

 

 

The oxidizing agent can be a nitrate anion (NO3
-), although other stronger oxidative anions 

maybe considered, such as perchlorates, iodates, bromates or manganates; Nitrates, 

however, are a more adequate choice due to the low toxicity, high volatility, and less 

contaminating combustion products. In addition, when the appropriate metal nitrate is 

unavailable, ammonium nitrate can be simple added to the precursor solution. For example 

both stannous and stannic nitrates are unstable in the solid state and decompose rapidly,95, 96 

but can be synthesised in situ from the mixture of SnCl2 or SnCl4 with ammonium nitrate.24 

Furthermore, additional nitric acid may also be added to a combustion precursor solution to 

increase the oxidative capacity of the precursor mixture and introduce additional nitrate 

anions. 

Reports show that the fuel source can be provided by either urea or acetylacetone, in addition, 

but not explicitly mentioned in the original paper, the alcohol/ organic solvents (ethanol/ 

methoxyethanol) could also act as an addition fuel source. Finally the heat source is 

conventionally provided by heating the substrate. It is desirable that the initiation 

temperature for the combustion precursors is to be above room temperature, but at 

temperatures low enough so that a large variety of substrates will remain stable, the 

Figure 2.6: a) Three necessary components required in a combustion precursor solution. b) 
flexible In2O3 thin film field effect transistors (TFET) fabricated using low cost solution based 
combustion processes. 

a) b) 
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combustion process can be initiated, and enough energy is provided to generate a crystalline 

thin film.  

The energy released from an exothermic reaction of an oxidizer and fuel pair can be large, as 

shown by the combustion synthesis of ZnO below: 

 

 

 

The heat of combustion for this reaction is ΔH298 K = -2320.4 kJ mole-1 and an adiabatic flame 

temperature, for a constant pressure process, is Tad ~ 700 oC from 20 oC (at 1 bar). As stated, 

the substrate temperature must be at a high enough to initiate exothermic combustion, but 

also high enough to provide the necessary total energy (from combustion and heating) to fully 

decompose the precursors and generate a crystalline metal oxide thin film.  

To understand this in more detail, the solid state precursor mixtures reported in the original 

paper by T J. Marks et al., used in the combustion processing of ZTO, consisted of zinc nitrate, 

stannous chloride, ammonium nitrate and urea. This precursor mixture combusts at ~100 oC 

under 1 atm. Although the ‘combustion precursors’ decomposed exothermically and released 

a significant amount of energy compared to ‘conventional’ ZTO precursor mixtures, which 

were shown to undergo endothermic decomposition, it was clear from the differential thermal 

analysis (DTA) and thermogravimetric analysis (TGA) that the combined heating and 

combustion energy at low substrate temperatures (~100 oC) was not sufficient to generate a 

crystalline ZTO material (see Figure 2.7). 97 When the ZTO precursor mixture was allowed to 

combust at >200 oC, there was sufficient total energy to achieved complete decomposition of 

the precursors and allow for the formation of crystalline ZTO. A benefit of using this process 

is that all the combustion by-products are expected to be gaseous and non-contaminating 

(CO2, H2O and N2). In addition, it is believed that the combination of localised heating with the 

large availability oxidising agents leads to the removal of organic contaminates via their 

combustion and oxidation.  

Since the simple combustion precursor solutions provide localised heating at low substrate 

temperatures, the Mark’s group were able to deposit crystalline thin films of In2O3 at 200 oC 

 

Scheme 2.4  
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onto flexible AryLite substrates via a low-cost solution printing and annealing process. 

Subsequently they fabricated flexible In2O3 -based transparent thin-film field effect transistors 

(TFET), with high carrier mobilities of ~13 cm2 V−1 s−1 and an operating voltages as low as ~2 V 

(See Figure 2.6).24  

 

 

 

 

 

 

 

 
It is important to note that combustion processing is also significantly different from the 

combustible sol-gel processes developed previously, which often led to metal oxide 

powders.98, 99 Combustion processing is more viable to be used on a large scale due simplicity 

of the precursor solutions and process that allows for the fabrication of thin films or 

nanomaterials at low temperatures. Furthermore the precursor mixtures may be adapted to 

a number of other low cost chemical deposition processes. Since the establishment of 

combustion process, its utilisation has proliferated and the technique has been adopted 

world-wide for the low cost fabrication of metal oxide materials.100 Furthermore in the past 5 

years, developments in these low cost fabrications processes have contribute to over 50 

patents issued by the flexible electronics company PolyeraCorp.. This enterprise currently 

manufactures flexible transistors and display devices using a innovative low temperature 

printing processes.101
 

Clearly a combustion precursor route presents many advantages over other conventional 

deposition processes. It lowers the energy inputs for the deposition process allowing for the 

low temperature deposition of crystalline metal oxide materials onto flexible low cost plastic 

Figure 2.7: a) DTA and b) TGA of the solid state ZTO precursor mixture developed by T. Marks 
et al. Conventional ZTO precursor mixture (Blue line) vs. combustion precursor mixture 
(Green line). 
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substrates. Furthermore, solutions may also be adapted to AA-CVD, as well as other low cost 

solution deposition techniques, such as inkjet printing.  

2.1.4 Nitrate Anion and Combustion Processing: Metal Sulphides 

Could the same low temperature combustion process that can successfully generate metal 

oxide thin films, be used to generate metal sulphides? It understandable to overlook such a 

question, since at first glance one can expect that the strong oxidising environment of the 

combustion precursors would lead to the formation of metal oxides over the formation metal 

sulphides. 

 

 

 

However, the combustion behaviour of an explosive metal nitrate complex does not always 

lead to the oxide product. For example it is well known that reduced metallic films are formed 

from the decomposition of noble metal nitrates (Scheme 2.5). Metal formation can also be 

observed in thermal deposition of nickel, cobalt and zinc nitrates.98 Thin films of metallic 

copper can be deposited via AA-CVD from methanol solutions of copper nitrate at 350 oC, 

mediated by the combustion processing of the nitrate ‘oxidiser’ and methanol ‘fuel’. It was 

proposed that the solvents (methanol or ethanol) provide a reductive environment when 

thermally decomposed over copper surfaces, preventing oxidation of the metallic films 

(Scheme 2.5).102 It has become noticed that combustion processing maybe a viable route to 

the deposition of metal sulphide materials and an extensive overview on the design of 

combustive metal sulphide coordination complexes is presented by P. Sinditskii and V.V. 

Figure 2.8: ZnS Crystallites formed from combustion synthesis using a) Zn(TU)2(NO3)2 
and b) [Zn(TSC)2](NO3)2] complexes. 

 

a) b) 

Scheme 2.5: Thermal decomposition of noble metal nitrates. 
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Serushkin. This work discusses the impact that the variation of metal ion, oxidizer, fuel/ ligands 

and their ratios, has on the rate and mechanism of combustion, and combustion products. 103 

Some investigations provide evidence that metal nitrates combined with a ‘fuel’ and ‘sulphur 

source’ (as either thiourea, thioacetamide or thiosemicarbozide) can evolve the formation of 

metal sulphides via combustion processing. R.K. Tukhataev et al. isolated a number of thiourea 

(TU) and thiosemicarbozide (TSC) complexes consisting of cadmium, zinc, bismuth, indium, 

nickel, cobalt, iron, copper and lead nitrates. Interestingly each nitrate complex displayed 

specific thermal decomposition properties, which reported on their rapid decomposition 

across a range of temperatures under various pressures. All of the complexes yielded their 

respective metal sulphides from heating the solid state mixtures to combustion/ thermal 

degradation. Large crystallites (2-3 µm) of zinc sulphide were formed from the Zn(TU)2(NO3)2 

and [Zn(TSC)2](NO3)2] complexes (Figure 2.8). It was observed that the metal sulphide 

combustion products from thiourea were less pure than those from the equivalent 

thiosemicarbozide complexes. In addition, by adding equimolar amounts of ammonium 

nitrate to the combustion process significantly enhanced the crystallite size and quality, and 

lowers the combustion temperatures.104  

Other studies showed that Zn1-XCdxS powders can be made from the metal nitrates and 

thiourea in aqueous solutions, at 300 oC.105 J. Jiang et al. had synthesised β-In2S3 with 3D 

chrysanthemum-like superstructures from the low temperature (140 oC) combustion 

synthesis with In(NO3)3 and L-Cysteine. Other studies have shown that a large variety of high 

quality thin films of NiS, CuS, ZnS, Ag2S and CdS  can be deposited from nitrate salts and 

thiourea, using low temperature (~70 oC) CBD protocols.38 In terms of combustion processing 

to form ‘thin films’ of metal sulphides there are not many examples. Most examples using 

metal nitrates as precursors, are for the CBD of metal sulphides and thus undergo chemical 

initiated decomposition at low temperatures (70-80 oC) and not the exothermic combustion 

initiated deposition similar to those described by the Mark’s group.20 

 

 

 Scheme 2.6:  
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Although, a simple combustion process was proposed from studies by R.K. Tukhtaev et al., 

where the nitrate and an oxygen oxidizer reacts with thiourea, as the combined ‘fuel’ and 

‘sulphur source’, to generate the crystalline metal sulphide materials and the 

oxidised/thermodynamic combustion products CO2, H2, H2O and N2 are generated (Scheme 

2.6), the picture remains incomplete, and the mechanisms are not fully understood. There are 

a large variety of sulphur sources, which could have a dual functionality to act as the ‘fuel’ and 

‘sulphur source’ for a combustion process. This variation in sulphur source may vary the types 

combustion mechanism these precursor mixtures may undergo, as with the choice of oxidizer, 

solvent, metal cation and counter anion.103 It is therefore of interest to understand possible 

combustible intermediates formed from different sulphur sources.104, 106 Subsequently, a 

further exploration of combustible precursor mixtures and processes, which generate tin 

sulphide materials, is provided in this Chapter. 

 

 

 

 

 

 

 

 

  

Figure 2.9: SEM images of various metal-sulphide thin films deposited onto glass from CBD 
and published by D.V. Shinde et al.39 The metal nitrate salts are used for the deposition of 
NiS, CuS, ZnS, Ag2S and CdS and thioacetamide as the sulphur source. Scale bar = 500 nm 
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2.2 Results and Discussion 

Novel combustion precursor solution for the AA-CVD of tin sulphide thin films 

There are limited number of papers examining the solution deposition of tin sulphide thin 

films from tin nitrate salts. This study attempted to explore a novel precursor mixture that can 

be used to deposit tin sulphide materials, via AA-CVD, whilst using combustion processing at 

low temperatures.  

Since tin nitrates are unstable in the solid state, the precursor solutions were prepared 

following the same protocol set-out by T. Marks et al., by which equimolar solutions of SnCl2 

and ammonium nitrate can be an effective substitute, especially when the metal nitrate is 

unavailable or unstable in the solid state, and it is believed that tin nitrate and ammonium 

chloride is subsequently formed.96 

Solvent Selection: 

When selecting a solvent a number of properties must be considered, and these include 

density, surface tension, viscosity, wetting (substrate), solubility (polarity), thermal stability, 

boiling point, cost, and toxicity. Ethanol was used in the investigation for a number of reasons.  

From a sustainable position, water would be a more desirable solvent in-terms of green 

chemistry, however it was chemically unfavourable. Preliminary investigations revealed the 

precursor mixtures of SnCl2 and NH4NO3 could initially be dissolved in de-ionised water, 

however, over a short period of time these solutions produced a large amount of insoluble 

white precipitate (See Appendix C Figure C.1.1). From gravimetric analysis, the dry precipitate 

was consistent with the formation of SnO2 in relation to the original SnCl2 added to the 

mixture. However, by replacing the water with ethanol no precipitate was formed and 

precursor solution were more stable.  

An additional benefit is that ethanol is considered as a green solvent from full life cycle 

analysis.107 Ethanol is a relatively polar solvent (dielectric constant = 24.3), which is able to 

dissolve a wide range of metal salts and is miscible with water. Ethanol is relatively non-toxic 

and thermally stable, with a boiling point of 78.37 oC, which allows for delivery of the aerosol 

solution into a heated reaction chamber without immediate evaporation of the aerosol 

droplet. The density (0.79 g cm-3), surface tension (22.3 mNm-1) and viscosity (1.04 mPa.s) of 
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ethanol is viable for the formation of an adequate aerosol via collision nebulisation. 

Furthermore ethanol exhibits perfect wetting on a large variety O2 plasma cleaned substrates 

(including glass, FTO and silicon), as presented in Sections 1.6.2 and 7.1.2. Some drawbacks 

to using ethanol are that it may lead to significant carbon and oxygen contamination on the 

film surface mediated by alcoholysis and condensation reactions, although combustion 

processing has been shown to remove such impurities.108 31, 109 

Studies by Dipal V. Shinde et al. also indicate that ethanol can be an effective choice of solvent 

to overcome the limitations persistent in aqueous precursor solutions (i.e. hydrolysis and 

precursor instability). Following a simple CBD protocol high quality films of Au2S, Ag2S, CoS, 

NiS, CuS, Bi2S3, PbS, ZnS, CdS, SnS2, SnS and MnS could be deposited from solutions using 

ethanol. Furthermore the SnS and SnS2 samples produced from this CBD study exhibited 

relatively high carrier mobilities of  18.9 and 11.6 cm2V-1s-1, respectively.38 

Additional Oxidiser, Sulphur Source and Fuel Component: 

For this study thiourea (TU) was selected as both the ‘sulphur source’ and ‘fuel’ component 

and was added to ethanolic solutions of SnCl2 and ammonium nitrate. (Safety Disclosure: 

Ammonium Nitrate is a strong oxidiser and must be at low concentrations within organic 

solvents [<1 M]. Avoid heating mixtures of solid ammonium nitrate with organic material as 

it is known to be explosive.) It was observed that the thiourea would not completely dissolve 

into solution, therefore 1 mL of nitric acid (70 % w/w%) was added. (Safety Disclosure: Nitric 

acid must be handle with care especially around organic solvents. Explosive ethyl nitrate can 

be formed from acid catalysed esterification between ethanol and nitric acid. Do not add 

high concentrations of nitric acid to ethanol. Mixtures of ethanol and nitric acid solutions 

should not be stored in closed containers even at low concentrations.) The nitric acid assists 

in dissolving the reagents and also contributed additional nitrate ions (oxidiser component) to 

the precursor solution. After stirring the solution in air for ~30 minutes a small amount of an 

unknown white precipitate evolved (~50 mg) and was subsequently filtered from solution. The 

resultant precursor solutions were all transparent and pale yellow. For this investigation, 0.1 

or 0.05M [Sn2+] precursor solutions, consisting of [Sn2+] to [TU] ratios of 1:1, 1:2 and 1:4 were 

prepared  and used in a series of AA-CVD experiments (See Table 2.2). 
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Precursor Solutions 

Ratio [SnCl2] [TU] [NH4NO3] [HNO3] Solvent 

1:1 0.1 M 0.1 M 0.2 M 0.2 M Ethanol 

1:2 0.1 M 0.2 M 0.2 M 0.2 M Ethanol 

1:4 0.1 M 0.4 M 0.2 M 0.2 M Ethanol 

1:2 0.05 M 0.1 M 0.1 M 0.1 M Ethanol 

 

α,α-Dithiobisformamidinium Dinitrate and Sulphur Generation: 

Attempts to isolate stable Sn(II) thiourea complexes from tin nitrate solutions were 

unsuccessful. However, when solutions were allowed to slowly and completely evaporate at 

room temperature, large amounts of colourless and yellow crystals were generated, 

accompanied by a white powder. Single crystal X-ray analysis of the yellow crystals consisted 

of elemental cyclo-octa-sulfur (S8). Furthermore single crystal X-ray analysis of multiple sets 

of the colourless crystals were consistently found to be the matching crystal structure of α,α-

dithiobisformamidinium dinitrate (α-DD) originally characterised by G.B. Jameson et al. 

(Figure 2.10). α-DD has been previously isolated from aqueous nitric acid solutions of thiourea 

either by the addition of a strong oxidising agent, such as H2O2 or by addition of a redox active 

metal cation (ie. CuI/II or SnII/IV).103, 110-112 

 

 

 

 

 

 

 

Table 2.2: List of precursor solutions used in this study.  

 

 

 

Figure 2.10: ORTEP crystal structure representation of α,α-Dithiobisformamidinium 
Dinitrate (α-DD) matching the previously resolved structure by G.B. Jameson et al.97 
Ellipsoids shown at 50% probability. 
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It is possible that within solution the Sn(II) cations can act as the catalytic species, which 

increases the oxidative rate of the weakly oxidising nitrate anion (Eo = 0.42 V). Metal cations 

that exhibit mixed valence states, such as Fe2+, Sn2+, Cu+ or Pd+ have been shown to catalyse 

the oxidation/ combustion of organic molecules in the presence of nitric acid.103 In the case of 

Sn2+, it is speculated that oxygen transfer from the nitrate anion/ oxidation of the Sn2+ cation, 

allows for the formation of the soluble highly reactive metal-oxo intermediate, in this case an 

oxy-tin cation [Sn(IV)=O]2+. This species has been described as a highly active catalytic site for 

rapid oxidation of ligand molecules, and in the current study this exists as thiourea. 

Subsequently, the proposed metal-oxo intermediate removes two hydrogen atoms from 

thiourea by oxidation, resulting in the formation of water, dithiobisformamide and the original 

Sn2+ cation. α-DD is then formed from the acid base reaction between the nitric acid and 

dithiobisformamide (see Schemes 2.7, 2.8, and 2.9 above).  

Similar catalytic mechanisms from redox active metal cations with nitrates have been 

described and studied before.96, 103, 113  Therefore, if similar precursor solutions were made up 

containing only non-redox active metals, such as Zn2+, the catalysed oxidation of thiourea to 

dithiobisformamide should not be observed, unless a strong oxidising agent, such as H2O2 (Eo 

= 1.776 V) is added.111   

Decomposition of α,α-Dithiobisformamidinium Dinitrate 

The colourless crystal of α-DD could be re-dissolved into ethanol solutions and when left for 

a period of three days at room temperature, after which yellow crystals of sulphur would 

Metal-oxo 
intermediate 

Oxidation of 
thiourea 

Acid-base 
reaction 

(2.7) 

 

(2.8) 

 

(2.9) 
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appear at the bottom of the solutions. It was evident that the compound α-DD generated the 

sulphur crystals in the original evaporated precursor solutions, and previous reports have 

documented α-DD can slowly decompose at room temperature to form sulphur.111 

Consequently, it was of interest to analyse the thermal decomposition of α-DD and the 

subsequent by-products. By heating α-DD crystals in air, an obvious decomposition process 

was observed at ~70 oC, which generated large amounts of white smoke, with yellow and 

white powders (See Figure 2.10 b and c). A flame test above the vials during decomposition 

initiated a ‘pop’, which reveals that possibly hydrogen gas is evolved from the decomposition. 

Powder X-ray diffraction analysis (PXRD) of the resultant powders produced after thermal 

decomposition of α-DD crystals, as well as the diffraction pattern of the sulphur crystals 

evolved from evaporated solutions are shown in Figure 2.11.  The diffraction pattern of the 

decomposition products is difficult to define by XRD, although, some diffraction peaks 

correspond to a combination of the amorphous melamine (C3H6N6) phase reported by Y. 

Zhang et al., and elemental sulphur, plus additional peaks associated with the aluminium 

sample holder (see Figure 2.11).114    

 

 

 

 

 

 

 

 

 

 

 

 

70 oC 

a) 

2 sec. 

bi) 

c) 

bii) 

Figure 2.11: a) XRD of (orange) resultant powder produced from the decomposition of α-
DD, (black) amorphous melamine reported by Y. Zhang et al.114 and (yellow) elemental 
sulphur. Vial of α-DD at 70 oC bi) before and bii) after decomposition, and c) the resultant 
powder. 
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Figure 2.12: (solid red line) TGA trace of α,α-Dithiobisformamidinium Dinitrate (α-DD) 
under nitrogen atmosphere. Labelled are the distinctive thermal decomposition events and 
proposed mass loss reactions. Horizontal dashed lines represent the expected % mass of 
sulphur (S)(yellow), melamine (MA)(red) and sulphur + melamine (grey).  

 

Figure 2.13: (solid red line) DSC trace for α,α-Dithiobisformamidinium Dinitrate (α-DD) 
under an atmosphere of air. Labelled are the exothermal events, which occur at similar 
temperatures to the first rapid decomposition event observed in the TGA of α-DD at 70 oC.  
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The thermal gravimetric analysis (TGA) for α-DD, shown in Figure 2.12 reveals a sudden mass 

loss c.a. 70 oC, corresponding to the rapid decomposition process observed from the bench 

top heating experiments, see Figure 2.11. The initial mass loss matches the equivalent 

percentage mass of two nitric acid molecules and one molecule of hydrogen, which is 

proposed to undergo further decomposition at elevated temperature to form gaseous 

products H2O, NO2 and O2. After the initial decomposition step (~70 oC), the resultant mass % 

of ~50 %, matched what is expected for two carbodiimide molecules (or the cyclised 2/3 

melamine or one 2-cyanoguanidine molecule), plus two atoms of sulphur (50.4%). Further 

heating causes a gradual loss in mass, which accelerates with increased temperatures. It is 

assumed that this is due to the combined evaporation of sulphur, and possible decomposition 

or evaporation of the proposed organic products listed above (i.e. melamine or 2-

cyanoguanidine), where a significantly increased evaporation rate occurs at c.a. 230 oC. The 

residual mass (~10%) above 285 oC may be attributed to any less volatile organic thermal 

products, which require higher temperatures to decompose to the gaseous state.  

 

From the TGA and differential scanning calorimetry (DSC) analysis, shown in Figure 2.12 and 

2.13 respectively, it is observed that compound αDD, exhibits an intense exotherm in the DSC 

at 58.75 oC with a secondary exotherm at 75.05 oC. These correspond closely to the abrupt 

mass loss in the TGA at ~70 oC. By integration of the two exothermic peaks, the reaction 

enthalpy of this low temperature decomposition event has been calculated to be roughly 

ΔHexo = -7.18 kJ mol-1. This is starkly different to the endothermic decomposition of pure 

thiourea in air, which decomposes at higher temperatures (180 oC) with a reaction enthalpy 

of ΔHendo = +6.8 kJ mol-1.115 Clearly αDD acts as a sufficient heat source that can deliver the 

release of internal chemical energy at low initiation temperatures as well as producing 

elemental sulphur.   

From XRD analysis and TGA, it can be proposed that the principle decomposition products are 

elemental sulphur, H2O, melamine (or 2-cyanoguanidine), H2 and HNO3. Melamine is a highly 

stabilised aromatic compound that is commonly formed from the thermal decomposition of 

urea, which forms cyanuric acid and subsequently cyclises to melamine.  
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It is proposed that elemental sulphur is released from dithiobisformamidinium dinitrate (or α-

DD) by oxidative elimination, resulting in the formation of hydrogen gas and carbodiimide, 

which tautomerizes to cyanamide. Under high temperature conditions it is suggested that 

cyanamide polymerises/cyclises to either 2-cyanoguanidine or melamine, which is 

thermodynamically more stable. Below, Schemes 2.10 – 2.13 illustrates the speculative 

mechanisms for the rapid decomposition of α-DD at ~70 oC, and under 1 atm of nitrogen. It 

has already been shown by G. Zhang et al. that Thiourea decomposes to melamine and further 

polymerises to 2-D carbon nitride (g-C3N4), at 400 oC under nitrogen.116 These reports further 

support the predicted decomposition mechanism of α-DD.   

 

 

 

 

 

 

 

 

 

 

 

 

Clearly the in-situ synthesis of α-DD within a precursor solution, would provide a low 

temperature exothermic decomposition step, an oxygen and fuel source essential for 

combustion processing, but also provide the necessary sulphur source to generate a metal 

sulphide.  

Decomposition 
Step 

Cyclisation 

(2.10) 

 

(2.11) 

 

(2.12) 

 

(2.13) 
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2.3 AA-CVD Experiments Testing the Novel Combustion Precursor Solutions  

The following section will discuss the properties of a series of thin films produced from AA-

CVD using the novel tin sulphide combustion precursor solutions described in the previous 

section. Investigations have examined how the precursor concentrations, thiourea to tin(II) 

molar ratios, deposition temperatures and deposition time, affect the quality and properties 

of the deposited materials. The resultant thin films were deposited onto three different 

substrates; float-glass, FTO (TEC 7), and CVD-graphene on silicon. Samples were analysed by 

UV-Vis-IR and Raman spectroscopy, XRD, SEM and AFM. Furthermore, opto-electrical 

properties of optimised samples of SnS2 films have also been assessed and compared to the 

photo-electrochemical properties of standard n-type CdS thin films deposited by CBD.  

2.3.1 Deposition Overview 

AA-CVD experiments were carried out using the deposition reactor described in Section 1.6. 

Cleaned glass, FTO and graphene substrates were deposited on, and a range of deposition 

precursor solutions were tested (Table 2.2). The different deposition parameters are outlined 

in Table 2.3-2.5.  

From visual initial inspection it was clearly evident that the deposition temperature had the 

greatest influence on the phase, colour and quality of the thin film samples. Other factors such 

as deposition time, Sn2+:TU ratio, and precursor concentrations, appeared to effect the 

deposition rates, film thickness or substrate coverage. For full experimental set up and 

preparation of precursor solution refer to Section 7.2.2. 
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Deposition 
No. 

Furnace 
Temp.  

(oC) 

Colour and Appearance 
22 cm 

Detected 
Materials 

Concentration 
of Sn2+ ions 

(mol L-1) 

Sn2+ to TU 
molar ration 

(Sn:TU) 

Time 
(min) 

Solvent Substrates 

Nitrate 
Dep. 1 

375 Yellow /translucent films

 

SnS2 0.1 1:1 120 Ethanol FTO 
Glass 

Nitrate 
Dep. 2 

475  Yellow/Brown/Green translucent film, Grey 
powder 

SnS2 

Sn2S3 

SnS 

0.1 1:1 120 Ethanol FTO 
Glass 

Nitrate 
Dep. 3 

575 Non homogeneous Yellow film, Grey/Black 
powder 

SnS2 

SnS 
0.1 1:1 120 Ethanol FTO 

Glass 

Nitrate 
Dep. 4 

275 Yellow (interference fringes)/ Tranparent film

 

SnS2 

 
0.1 1:2 120 Ethanol FTO 

Glass 

Nitrate 
Dep. 5 

375 Yellow /translucent films 

 

SnS2 

 
0.1 1:2 120 Ethanol FTO 

Glass 

Nitrate 
Dep. 6 

475  Yellow/Brown translucent film, Grey powder 

 

SnS2 

Sn2S3 

SnS 

0.1 1:2 120 Ethanol FTO 
Glass 

Nitrate 
Dep. 7 

575 Non homogeneous Yellow /Brown/Green  film, 
Grey/Black powder 

 

SnS2 

Sn2S3 

SnS 

0.1 1:2 120 Ethanol FTO 
Glass 

FTO 
Glass 

FTO 
Glass 

FTO 
Glass 

FTO 

Glass 

FTO 

Glass 

Table 2.3:  List of samples detailed in this chapter. Arrows illustrate the gas flow direction. 
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Deposition 
No. 

Furnace 
Temp.  

(oC) 

Colour and Appearance 
22 cm 

Detected 
Materials 

Concentration 
of Sn2+ ions 

(mol L-1) 

Sn2+ to TU 
molar ration 

(Sn:TU) 

Time 
(min) 

Solvent Substrates 

Nitrate 
Dep. 8 

375 Yellow /translucent films 

 

SnS2 0.05 1:2 120 Ethanol FTO 
Glass 

Nitrate 
Dep. 9 

475  Yellow/Brown translucent film, Grey powder SnS2 

Sn2S3 

SnS 

0.05 1:2 120 Ethanol FTO 
Glass 

Nitrate 
Dep. 10 

375 Yellow /translucent films 
 

SnS2 

 
0.1 1:4 120 Ethanol FTO 

Glass 

Nitrate 
Dep. 11 

475  Yellow/Brown translucent film, Grey powder SnS2 

Sn2S3 

SnS  

0.1 1:4 120 Ethanol FTO 
Glass 

Nitrate 
Dep. 12 

575 Non homogeneous Yellow /Brown film, 
Grey/Black powder 

SnS2 

Sn2S3 

SnS 

0.1 1:4 120 Ethanol FTO  
Glass 

Nitrate 
Dep. 13 

375 Yellow Tranparent film 
 

SnS2 

 
0.1 1:2 30 Ethanol Graphene 

on Glass 
and FTO 

 
(SnS2-FTO) 

(SnS2-G) 

Table 2.4:  List of samples detailed in this chapter. Arrows illustrate the gas flow direction. 

 

 

 

Graphene 
(1cm by 1 cm) 

Glass 

FTO 

Glass 

FTO 
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Deposition 
No. 

Furnace 
Temp.  

(oC) 
Colour and Appearance 

Detected 
Materials 

Concentration 
of Sn2+ ions 

(mol L-1) 

Sn2+ to TU 
molar ration 

(Sn:TU) 

Time 
(min) 

Solvent Substrates 

Nitrate 
Dep. 15 

375 Pale  Yellow Tranparent film 

 

SnS2 

 
0.1 1:2 10 Ethanol Glass 

FTO 

Nitrate 
Dep. 16 

375 Yellow Tranparent film 

 

SnS2 

 
0.1 1:2 20 Ethanol Glass 

FTO 

Nitrate 
Dep. 17 

375 Yellow Tranparent film 

 

SnS2 

 
0.1 1:2 30 Ethanol Glass 

FTO 

Table 2.5:  List of samples detailed in this chapter. 

 

 

 

FTO Glass 

Glass 

Glass 
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XRD Analysis: Furnace Temperature Dependant Deposition of SnxSy 

All samples were analysed using XRD. Two samples deposited at furnace temperatures 475 

and 575 oC were chosen in correspondence to colour (yellow or grey) and position in the 

reactor (at c.a. 10 cm or c.a. 14 cm), respectively. All other samples are selected from the 

middle of the deposition region c.a. 11 cm into the reactor. It was clear from XRD analysis that 

all depositions successfully generate tin sulphide (SnSx) materials. Furthermore, diffraction 

peaks of tin oxide materials are not observed in samples deposited onto glass (but were 

observed on FTO substrates, due to the diffraction from the underlying substrate).  

Figure 2.14 Presents the XRD pattern of films deposited onto glass substrates for 120 min from 

a 0.1 M precursor solutions with either 1:1, 1:2 and 1:4 molar ratios of Sn2+:TU, respectively. 

It is clear that the molar ratio of Sn2+:TU does not dramatically influence the phase of tin 

sulphide deposited.  

However, it was clear that the furnace temperature does have and influence on the SnSx phase 

deposited. At low furnace temperatures (< 375oC) all samples appeared yellow and the XRD 

analysis revealed that the yellow films consisted only of diffraction peaks belonging to the 

SnS2 hexagonal Berndtite structure (JCPDS. 23-0677).  

Interestingly, at higher furnace temperatures and depending on the position within the 

reactor (or colour of sample), the darker coloured sample area (i.e. green, brown and grey) 

consisted of diffraction peaks corresponding to either single phase orthorhombic α-SnS 

(JCPDS. 23-0677) or a mixture of α-SnS and SnS2 (JCPDS. 39-0354and JCPDS. 23-0677, 

respectively). Notably, none of the samples consisted of diffraction peaks corresponding to 

the orthorhombic Ottemannite tin sesquisulfide (Sn2S3) phase (JCPDS. 75-2183).  
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 Figure 2.14:  XRD patterns of samples deposited at different temperatures from 0.1 M 
[Sn2+] solutions consisting of a) 1:1, b) 1:2, and c) 1:4 molar ratios of Sn2+:TU. Image on 
the right present some of segments of the samples analysed. Arrow shows the direction 
of gas flow during deposition. 

 

Dep. 1 

Dep. 6 

a) 

b) 
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Dep. 7 
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Raman Analysis: Temperature Dependant Deposition of SnxSy 

The Raman data were collected using a 532 nm (2.33 eV) laser, which is capable of generating 

a wide range of Raman peaks in the different SnSx systems.117 Raman spectroscopy analysis is 

a very effective tool to determine the lateral inhomogeneities of samples at a microscopic 

scale. Since all predominant stoichiometric SnSx phases are Raman active it is possible to 

distinguish between the signals produced by α-SnS, Sn2S3 and SnS2 (refer to Appendix A.B.6 

for tables of referenced Raman shifts).117  

Figure 2.15 presents the lateral variation of the Raman spectrum collected within a ~1 cm 

region on the sample deposited from Dep. 6 at 475 oC, and specifically where the colour the 

sample changes from yellow to brown to green and to grey following the direction of the gas 

flow.  

 

 

 

 

 

 

 

 

 

The Raman peaks for the Sn2S3 phase were undetectable from the Raman mapping data, and 

the individual spectra presented in Figure 2.15. The only identifiable peaks are associated with 

SnS2 and α-SnS phases. Interestingly, in regions where there appears to be a mixture of SnS2/α-

SnS phases a distinct red shift in the B3g and B2g peaks for the α-SnS phase is observed. A 

rational interpretation of this interesting feature in the Raman spectra of different α-SnS 

samples is discussed in more detail in Chapter 4 Section 4.6.1. 

Figure 2.15:  Raman analysis of Dep. 6 (475 oC), examining lateral variations of the colour 
transition regions 3.3 mm apart. Presented are the colour transitions from yellow, brown 
and green to grey for inhomogeneous samples deposited at high temperatures. Vertical lines 
indicate the referenced positions for Raman modes and their relative intensities (•) for 
(yellow) SnS2 and (black) α-SnS. Microscope images of analysis regions (right), scale bar = 20 
µm. * The α-SnS B3g and B2g peaks shifts identified only in samples consisting of a mixture of 
SnS/SnS2 phases 
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These combined data from XRD and Raman analysis indicate that the formation of α-SnS from 

SnS2 happens instantaneously when the aerosol reaches a specific substrate temperature 

(~400 oC). At the transition temperature the portion of Sn2S3 formed on the sample is minimal 

or amorphous and undetectable by XRD or Raman analysis and it appears that α-SnS forms 

discretely when the substrate reaches the transition temperature. 

The high intensity Raman A1g peak at 313 cm-1 and low intensity E1g peak at 205 cm-1 are 

representative of SnS2. They are the only transitions observed in all the yellow regions of 

different samples, and in all areas of samples deposited at furnace temperatures < 375 oC.  

Figure 2.16 shows the Raman spectrum of yellow samples deposited from Dep. 1, 10, 5 and 

4. Undoubtedly the AA-CVD process and precursor solution is phase selective for SnS2 thin 

films at low furnace temperatures. It is even possible to deposit SnS2 at furnace temperatures 

as low as 275 oC as is evident from the Raman spectra shown in Figure 2.16. Furthermore, the 

relative ratio of Sn2+:TU in solution appear to have no effect on the stoichiometric phase 

deposited, SnS2 is always deposited at low furnace temperatures (<375oC) and α-SnS is formed 

at high temperatures (>475 oC). 

 

 

 

 

 

 

 

  

Figure 2.16:  Raman analysis of SnS2 samples deposited at furnace temperatures < 375 oC 
using different precursor solution consisting of 1:1, 1:2 and 1:4, [Sn2+]:[TU] molar ratios.   
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2.3.2 Morphology and Quality Assessment of Samples 

By visual inspection, and from AFM and SEM analysis, it was appears that the surface 

roughness, film thickness and translucency/ transparency (degree of light scattering), is 

significantly affected by deposition time, concentration of TU in solution and the deposition 

temperature (or the front to back/lateral position of the sample in the reactor). AFM and SEM 

analysis has also been used to assess the microcrystalline morphology, substrate coverage, 

and overall quality of samples.  

In inset picture labelled Dep. 7 in Figure 2.14 reveals the powdery and non-adherent 

characteristics of the grey SnS samples deposited at temperatures >375 oC. The grey samples 

were shown to be exclusively α-SnS by XRD and Raman analysis, but were of poor quality, and 

could easily be removed with a cotton swab as shown in Figure 2.14 b). AFM and SEM 

micrographs revealed that the crystallites formed in these samples are dispersed across the 

substrate surface, with varying grain size and incomplete coverage. Furthermore the root 

mean square (RMS) surface roughness of these samples were ~217 nm and with this 

roughness it is too large for AFM tips to measure accurately (Figure 2.17). The average grain 

size in these samples are 0.8-1.0 µm. It is assumed that the large grain size is influenced by the 

increase substrate temperatures. It is assumed that high temperatures can promote the 

crystalline growth of SnS, but cause the SnS to be volatile as well as promote the loss of sulphur 

from the sample. These processes are likely result in a incomplete film of SnS and  significant 

loss of SnS material from the substrate surface during deposition, . 

In contrast, the samples deposited at lower temperatures and consisting of SnS2 only, were of 

a much higher quality. The best quality, smooth, highly adherent and transparent films were 

produced from 0.05 and 0.1 M [Sn2+] precursor solutions consisting of 1:2, [Sn2+]:[TU] molar 

ratios, and deposited at lower temperatures, between 275 and 375 oC. The morphologies of 

the SnS2 crystallites grown on FTO and glass substrates appear highly orientated with leaf like 

structures and with an average grain size of 0.2-0.3 µm. These types of morphologies have 

been in observed in previously reported thin films of SnS2 and αSnS, and are said to be a result 

of the layered crystal structures that both these materials adopt.14, 38, 47, 61 The surface 

roughness and film thickness of SnS2 samples increases with increased deposition time (see 

Figure 2.17 c-f), consequently RMS values increases from 31.4 (10 min), 35.8 (20 min), 42.6 

(30 min) and 58.2 nm (120 min). 
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Figure 2.17:  AFM micrographs of films deposited onto glass substrates using the 0.1 M 
[Sn2+] 1:2 solution at a) 575 oC [Grey region, Dep. 7], and b) 475 oC [Brown region, Dep. 6] 
with a deposition time of 120 min, and at 375 oC with a deposition time of c) 10 min, d) 
20 min e) 30 min, and f) 120 min. 
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Using the AFM data, it appears that the growth mode for SnS2 deposited at low temperatures 

follows a Frank-van der Merwe mechanism of ‘’layer growth’’ and over prolonged deposition 

times a Stranski-Krastanov growth mode ‘’layer and island growth’’ evolves and the surfaces 

roughness increases. Antithetically the SnS samples demonstrate a Volmer-Weber growth 

mode ‘’island growth’’ as is evident by the large film roughness, poor surface adhesion, and 

discrete crystallite formation.118  

Film thicknesses of SnS2 were determined from the combined results of cross-section SEM and 

AFM film edge scans. In most cases, the film thicknesses were relatively conformal across the 

samples (see Figure 2.17). With increased deposition time (10-120 min) the film thickness 

increases as is expected. Thin platelet like morphologies of SnS2 are formed at 275 oC or when 

the concentration of the precursor solution is 0.05 M.  Depositing films from the 0.1 M [Sn2+], 

1:2 precursor solution, at 375 oC produced SnS2 films with relatively larger average grain size 

~200 nm (see Figure 2.18 c-f) and this was independent of deposition time. 

  

Figure 2.18:  Cross-Section SEM micrographs of SnS2 films deposited over a-b) 10 min, c-d) 20 
min, and e-g) 120 min onto either glass (a,c,e) or FTO (b,d,f,g) substrates. Scale Bar 500 nm  
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Figure 2.19:  SEM micrographs of α-SnS (a-b) and SnS2 (c-h) films on glass substrates either 
deposited at different temperatures, with different precursor solutions, or time periods. 
The 1:2 precursor solution were used in all cases. Various deposition parameter are 
presented. Scale bar = 1.0 µm. 
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2.3.3 Elemental Analysis (EDS) 

A summary, of the elemental components detected from EDS analysis of samples deposited 

from the 0.1 M [Sn2+], 1:2 ([Sn2+]:[TU]) precursor solutions onto glass at different 

temperatures, are presented in Table 2.6. All SnS2 samples are sulphur deficient in terms of 

the 1:2 stoichiometry, however, this may be due to the instability of SnS2 at the surface which 

is known to oxidise in air to form a thin layer of SnO2. The sulphur deficiency may also be due 

to the loss of sulphur from the surface when at high temperatures during deposition. The films 

produced over a shorter deposition period appear to be are more sulphur deficient than the 

samples with larger film thickness and deposited over 30-120 min. Furthermore, the thinner 

(<500 nm) SnS2 samples have higher oxygen content, which is likely to be a combination of 

detected X-ray emissions generated from the oxidised sample and underlying glass substrate.  

There are significant levels of carbon in all samples and the content ranges from 3-15 atomic%. 

The variation in carbon contaminates across different samples cannot be correlated to a 

specific deposition parameter, which possibly indicates that the carbon contamination 

superficial and not intrinsic to the deposition process. Therefore, carbon contamination is 

likely to be a result of solvent exposure during and after deposition, which only exists on the 

surfaces of samples. However, it is possible that the deposition by-products and aerosol 

solvent will lead to some carbon and oxygen contamination although it does not appear to be 

a significant amount at low temperatures. The EDS analysis for samples deposited at higher 

temperature (> 375 oC) and have been shown to possesses a mixture of SnS and SnS2 phases 

(e.g. Dep 6 and 7), consisted of Sn:S stoichiometries between 1:1.72 and 1:1.24, which sits 

between stoichiometries for SnS (1:1) and SnS2 (1:2). This indicates that these samples have 

mixed composition in regions of the samples and supports the observations from the XRD and 

Raman analysis. 
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2.3.4  Temperature Dependant Deposition of SnS and SnS2 

It was noted that there were distinct variations and inhomogeneity of film colour for samples 

deposited at higher deposition temperatures (> 450 oC). These observations are possibly 

caused by the differences in thermal stability of the SnS, Sn2S3, and SnS2, phases, under 

different temperatures and sulphur vapour pressures. Phase stability diagrams for SnS, Sn2S3, 

and SnS2, under various conditions were determined by R.C. Sharma and Y.A. Chang, and all 

three phases of the SnSx systems under go phase transformations over a range of 

temperatures (200-600 oC) and under different sulphur atmospheric concentrations (50- 67 

at. %).13. It is clear that the precursor solution selectively forms SnS2 at low temperatures, as 

observed by the yellow films deposited at lower furnace temperatures (< 375 oC). It is likely 

that the secondary Sn2S3 and SnS phases only evolve from the thermal decomposition of SnS2 

when the substrate reaches a certain temperature around 475 oC. It has been established in 

previous deposition  studies of SnSx thin films and from thermodynamic studies of SnSx 

systems that SnS2 is less satble at high temperatures compares to Sn2S3 and SnS.13, 14, 81, 119-126  

J. Scragg et al. have calculated and experimentally verified the kinetic phase stability of SnS2 

and SnS in the quaternary material Cu2ZnSnS4. Under high temperatures (> 400 oC) and low 

sulphur vapour pressures (<0.01 mbar) the reduction reaction for SnS2 to form Sn2S3, then SnS 

and elemental sulphur is favoured. Subsequent, SnS evaporation under even high 

 

Deposition 
Time 
(min) 

Deposition 
Temp. (oC) 

Sn:S C (at. %) O (at. %) 

Dep. 15 10 375 1:1.86 7.08 73.67 

Dep. 16 20 375 1:1.82 3.29 14.83 

Dep. 17 30 375 1:1.87 11.40 5.10 

Dep.4  120 275 1:1.98 6.97 9.09 

Dep. 5 120 375 1:1.92 7.29 35.33 

Dep. 6 120 475 1:1.67 4.50 2.07 

Dep. 7 120 575 (Yellow) 1:1.72 2.54 15.23 

Dep. 7 120 575 (Grey) 1:1.24 5.50 6.50 

Ref. CBD 7min 70oC Cd:S = 

1:0.95 

15.05 10.01 

 
Table 2.6:  EDS data for films deposited onto glass using the 0.1 M and 0.05 M [Sn2+] 1:2 

solution and a single CdS thin film reference sample deposited onto FTO via chemical 
bath deposition (CBD) methods. (Acceleration voltage = 10 kV). 

 

 

 

 



An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for Applications in 
Energy Harvesting Devices 

 

 - 115 -  

temperatures then makes the reaction effectively irreversible (Figure2.20).123 Relating these 

principles to the current investigation; it is expected that inside the AA-CVD reactor the 

samples will be subjected to a N2 gas stream of 3 Lmin-1 and a pressure of 1 atm. The 

atmosphere in the reactor will contain a low concentration of sulphur, since the gas stream 

constantly replenishes the system, and it is likely that vapour pressures of sulphur are close to 

1-0.1 mbar. With these assumptions, the conditions inside the deposition chamber will favour 

the decomposition of SnS2 to SnS, particularly at high substrates temperatures (~400 oC). 

Original investigations using CVD methods to produce thin film consisting of SnSx systems, 

presented very similar results concerning the temperature dependant phase formation of SnS, 

Sn2S3 and SnS2. From AP-CVD methods, Molloy et al. were able to produce black, yellow, 

brown, and grey samples, depending on deposition temperature and the film thickness of 

samples. These samples consisted of SnS2 up to substrate temperatures of 500 oC. At 525 oC 

samples of mixed compositions (SnS, Sn2S3 and SnS2) were formed and at 545 oC single phase 

α-SnS.14 By comparison, our deposition process maybe producing these phase variations at 

lower furnace temperatures due to the additional energy provided by the decomposition of 

the precursors.  

 

 

 

 

 

 

 

 

 

 

Sn2S3(s)  

Figure 2.20:  The mechanism for the decomposition of SnS2 caused by the instability of this 
phase at high temperatures and low sulfur vapour pressures. b) Plot of the stability domains 
for different SnSx phases as a function of temperature vs. S2 vapour pressure.120 
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Effects of Reactor Dynamics and Sample Inhomogeneity 

Samples deposited at 475 and 575 oC can be divided into regions that transcend from yellow, 

brown to green then grey/black, where colour variations are greater at higher temperatures 

(See Appendix C Figures C.1.2, C.1.3 and C.1.4). The colour and phase inhomogeneity has a 

distinctive variation across the substrate and the wall of the quartz reactor tube. In the 

direction of the gas flow, at 475 oC there is a sudden transition from homogeneous yellow 

samples to inhomogenous dark grey/green/brown samples ~11 cm within the deposition 

chamber. Further down the chamber at ~18 cm homogeneous yellow material is again 

produced (See Table 2.3 Dep. 6). This variation can correspond to lateral variations in 

temperature for this specific reactor set-up (Section 1.6.1). The temperature dynamics of the 

AA-CVD apparatus presents a lateral temperature gradient, which reaches a maximum 

substrate ‘hot spot’ at ~12 cm into the reactor, which then again decreases in temperature 

further along the chamber.  The range of substrate temperatures across the reactor at 475 

and 575 oC can reach ~100 oC. These large differences in substrate temperature will cause the 

inhomogeneities in samples. This provides reasoning for observing two yellow (SnS2) regions 

deposited at either end of the samples from Dep. 6, since the front and back zones of the 

deposition chamber have lower temperatures compared to the ‘hot spot ‘in the middle. 

Selective Deposition of SnS2 from the Combustion Precursor Solution 

The reasons that all precursor solutions preferentially forms SnS2 rather than SnS or Sn2S3 at 

lower furnace temperatures can be attributed not only to the phase stability of SnS2, but it 

can also be accounted to the redox chemistry of the precursor solution upon deposition. It has 

already been establish that TU and α-DD are present and that α-DD decomposes to produce 

elemental sulphur. Elemental sulphur provides an oxidative environment to oxidise tin(II) to 

tin(IV) upon sulphide formation (See Table 2.1).  

2.3.5 Time Dependant Deposition of SnS2 

It was of interest, to assess deposition rate and minimum time required for the deposition of 

a uniform and complete SnS2 film coating. For these experiments the 0.1 M precursor solution 

containing the 1:2 ratio of Sn2+:TU was used, a fixed furnace temperature of 375 oC and glass/ 

FTO substrates with deposition times of 120, 30, 20 and 10 minutes (Dep. 5, 15, 16 and 17).  

For all depositions the entire area of the substrates (20 cm x 3cm) was clearly coated with a 

yellow film. An increased intensity of yellow was observed with increased deposition time (10 

to 120 min). 
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XRD and Raman analyses (Figure 2.21) shows that phase pure crystalline SnS2 thin films could 

be deposited rapidly within 10 mins. Figure 2.22 presents the maximum SnS2 film thicknesses 

measured from SEM and AFM analysis at set positions along the samples deposited onto both 

FTO and glass substrates. Film growth rates over short deposition times are initially fast (~40 

nm min-1). Within 10 minutes maximum film thicknesses of 423 and 400 nm on FTO and glass 

substrates, respectively. As the deposition time is extended the growth rates do not follow a 

linear increase with deposition time. Over an extended deposition time of 40 and 120 mins 

the film thicknesses are 0.85 and 0.93 µm, corresponding to a growth rate of ~28 and ~8 nm 

min-1, respectively.  

 
Growth rates that diminish with extended deposition time indicates that the rate limiting step 

in deposition of SnS2 progressively switches from an ‘initiated/ nucleation process’ to the 

‘steady state deposition process’ (Figure 2.22b).  

Figure 2.22 a) displays the lateral variation of SnS2 film thickness across substrates from the 

front to the back of the reactor chamber where substrate temperatures deviate from the set 

furnace temperature. Interestingly the range of film thicknesses across the sample is not 

excessively large (~44 – 100 nm) considering the large variation in the substrate surface 

temperature (Described in Section 1.6.1). 

Figure 2.21:  a) XRD  and b) Raman analysis of SnS2 films deposited from the 0.1 M [Sn2+], 0.2 
M [TU] precursor solution over different deposition times of 10, 20, 30 and 120 minutes.  

b) a) 
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2.3.6 Deposition Kinetics and the Effects of Temperature on the Growth Rate of SnS2 

Using the 0.1 M [Sn2+] 1:2 ([Sn2+]:[TU]) solution the maximum film thickness of SnS2 films 

deposited onto glass at 275 oC for 120 mins (Dep. 4) was 433 nm (SEM) with a growth rate of 

3.61 nm min-1 roughly half that of films produced at 375 oC (Dep. 5), which were 80 nm (SEM) 

with a growth rate of 7.7 nm min-1. Such a large increase in deposition rate with temperature 

is indicative of a ‘reaction rate limited regime’ rather than a ‘mass transport rate limited 

regime’.127 Further studies would be required, including a greater number of deposition runs 

at a variety of temperatures, to determine the exact kinetics fot the physiochemical steps that 

determine this AA-CVD process.  

2.3.7 Effects of Thiourea concentrations on then Growth Rate of SnS2 

The stoichiometry (Sn2+:TU) or overall concentration of thiourea significantly impacts the film 

quality and film thickness, where lowering the concentration of TU led to smoother better 

quality films and higher concentrations of TU led to higher growth rates, but rough poor 

quality films surfaces, which appear to have a matt like texture and translucent. The maximum 

film thicknesses and deposition rates of Dep. 1 (1:1), Dep. 5 (1:2), and Dep. 10 (1:4) arising 

from [TU] concentrations of 0.1, 0.2, and 0.4 M, respectively, are shown in Figure 2.23. 

Direction of gas flow 

Figure 2.22:  a) Average lateral thickness variation of SnS2 Films deposited onto FTO (Black) 
and glass (Blue) substrates at 375 oC over 10, 20, 30 and 120 min. b) Average growth rate of 
SnS2 onto glass substrates and the average film thickness obtained over different deposition 
periods. Error bars illustrate the range in the measured values across different regions of the 
sample. 
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Between TU concentrations of 0.1 to 0.2 M the film growth rate follows a first order trend, 

but with increased concentration up to 0.4 M the deposition rate plateaus off. 

 

 

 

 

 

 

 

 

At low TU concentrations the rate limiting step is surface reaction limited and associated with 

the formation and concentration of S2- anions. The source of S2- may either be mediated via 

formation of α-DD from TU and subsequent decomposition of α-DD or via the thermal 

decomposition of TU. It is likely that the former mechanism is the dominant source of sulphur 

and that increasing TU concentration above 0.2 M causes an increased concentration of α-DD 

within the precursor solution, resulting in a saturation of S2- ions. Increasing the concentration 

of S2- leads to a high deposition rates, which is first order with respect to [α-DD] or [TU]. 

However, typically in the context of CVD, when the reactant concentration is very high and 

the deposition rate is too high, the reactants begin to decompose rapidly in the gas phase and 

premature gas phase nucleation occurs. This will impede the growth rate of the films. Gas 

phase reaction products can contaminate the uniform deposition of the film, which can 

explain why films deposited from the 1:4 precursor solutions are of poor quality and rough, 

and growth rates do not continue to increase on a first order relation (see Figure 2.23) and 

reaches a limit.  
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Figure 2.23:  a) Overall growth rate of SnS2 thin film over a period of 120 min deposited 
from 0.1 M precursor solutions consisting of various TU concentrations. b) The theorised 
relationship of deposition rates and reactant concentration in a CVD reactor. Dotted line 
corresponds to a cut-off point where the deposition rate does not continue to increase 
with precursor concentration, due to increased nucleation in the gas phase.  
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2.3.8 The Effects of Precursor Concentration on Growth Rate 

Increasing the concentration of [Sn2+] above 0.1 M would cause blockage of the TSI® aerosol 

generator and prevent further deposition. The blockage is caused by the over saturation of 

the solution and precipitation of solid precursors.  

Below 0.1 M Film growth rates increase proportionally with concentration of precursors. The 

0.05 M precursor solution used in Dep. 8 produced SnS2 films on glass substrates with a 

maximum film thicknesses of 550nm over period of 120 min and from the equivalent 0.1 M 

precursor solution (Dep. 5) SnS2 films were 890 nm thick. The increase in deposition rate with 

increased precursor concentration indicates that the deposition is surface limited at these 

concentrations, as described in the previous (Section 2.3.8).  

2.3.9 Optical properties of SnS2 Samples 

Optical band gaps were determined by UV-Vis-IR transmittance and reflectance analysis using 

methods outlined in Appendix B Section A.B.8. The band gap is the significant property of a 

semiconductor and can be helpful to determine and assess the phase purity, film thickness, 

sample quality, and optical properties of the samples.  

The transmittance and reflectance spectra recorded for yellow SnS2 and grey SnS films 

deposited at different temperatures from the 0.1 M 1:2 solution are presented in Figure 2.24.  

The SnS2 samples transmitted light across the majority of the visible region and possess an 

absorption edge at c.a.555 nm (2.23 eV). The sinusoidal appearance of the spectrum at higher 

wavelength range is caused by the inference effects from the refraction of light at the 

substrate/film/air interfaces and is only observed in samples with uniform thicknesses and 

smooth surfaces (see Appendix B Section A.B.8.) and is not apparent in samples with rough 

or inhomogeneous surfaces, such as those samples deposited at higher temperatures (475-

575 oC).  

The α-SnS films produced from Dep. 6 or from Dep. 7 transmit less light in the visible spectrum 

and the reflectance of the α-SnS samples is smaller than the uniform smooth SnS2 samples 

and maybe a result of increased light scattering generated from the roughness of the samples. 

The absorption edge is abrupt for SnS2 films deposited at lower temperatures (<375 oC). 

Comparatively, there is a gradual onset of absorption in brown films deposited at 475 oC and 
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the step like absorption edge in the grey films deposited at 575 oC, indicate a possible variation 

of SnxSy phases within the samples creating a mixture of optical properties attributed to 

difference phases. 

The direct band gap for each film was determined via the Tauc plot using the (αhν)2 vs. eV 

relation and average film thicknesses used to determine the wavelength dependant 

absorption coefficients are shown in Figure 2.24 c). Results show the direct band gap of the 

SnS2 samples range from 2.35 to 2.50 eV and correspond closely to direct band gaps previously 

reported for SnS2.47, 128-130 The straight-line portion indicates the mode of optical transition in 

these films is of direct band-to-band type. The grey films deposited at 575 oC have two distinct 

linear regions that give different direct band gap energies at 1.23 eV and 1.40 eV. Similarly for 

brown samples deposited at 475 oC two distinct linear regions present band gap transitions at 

1.45eV and 1.77 eV.  The direct band gap of 1.23 eV in the grey films corresponds to α-SnS,85 

and the second higher energy band gap transitions (~1.40 eV) maybe be a result of a secondary 

phases of tin sulphide, such as cubic-SnS (c.a. 1.76 eV),15, 93 or SnS2 (2.12-2.6 eV).128-130 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24:  a) Transmittance (Film thickness) and b) reflectance spectrum of various 
samples deposited from the 0.1 M 1:2 solution. c) Wavelength energy (eV) vs. (αhv)2 plot 
displaying determined direct band gaps by extrapolation of the linear region. d) Pictures 
of the samples analysed using UV-Vis-IR spectroscopy.  
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2.3.10 Effects of Annealing SnS2 films 

Annealing a yellow SnS2 sample under N2 atmosphere at 475 oC for 1 hr, caused a distinctive 

colour change from yellow to dark brown. From the XRD analysis, of the annealed SnS2 sample 

(Figure 2.25), both powder diffraction pattern of the original SnS2 phase and the generation 

of the Sn2S3 orthorhombic phase (JCPDS 75-2183) is observed. Furthermore, from the Raman 

analysis of the same annealed samples (Figure 2.6) a distinct formation of an additional broad 

peak around 235 cm-1 is detected, and this broad peak is representative of two overlapping 

Sn2S2 Raman transitions at 235 and 252 cm-1. In addition, there is a broadening of the peak at 

310 cm-1, and by deconvolution it appears that this peak is made up of two overlapping 

components at 313 cm-1 and at 302 cm-1, which represent the Sn2S3 (A1g) and SnS2 (A1g) Raman 

transitions, respectively. Annealing SnS2 at 475 oC for 1 hour emulates the same conditions for 

samples deposited at these temperatures. This indicates that SnS2 thin films decompose to 

Sn2S3 under high temperatures and low sulfur vapour pressures. The distinct formation of 

Sn2S3 is only seen in the annealing experiment, and not from the deposition. It is likely that 

this is because of the decomposition process of SnS2, to Sn2S3, then to SnS is much slower in 

the solid state than in the faster solution-phase process, in the aerosol droplet during AA-CVD. 

These observations further support what is known about the phase stability of SnSx systems 

and here this experiment again demonstrates the thermal instability of the SnS2 under a 

sulphur poor atmospheres..13, 32, 60  

Figure 2.25:  XRD Raman spectrum of SnS2 films deposited at 375 oC from the 0.1 M 1:2 
solution, as-deposited and after annealing for 1 hour at 475 oC under N2-atmosphere. 
Assigned diffraction peaks for the Orthorhombic Sn2S3 (green) and Hexagonal SnS2 (Orange) 
phases.  
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2.3.11 Substrate Effects on SnS2 Film Growth fect of Substrate Type 

As an extension of this investigation it was of interest to examine the effects that the substrate 

has on the growth of SnS2 films. Using the same deposition parameters of Dep. 13 (0.1 M 1:2 

precursor solution, 30 min deposition time) c.a. 750-800 nm SnS2 films were deposited onto 

FTO, glass and graphene substrates. The graphene substrates had been prepared by CVD 

methods and transferred onto glass prior deposition (See Section 7.2.4).  

Although the relative intensities of the XRD peaks can depend heavily on the relative electron 

densities within each Miller plane, other features of the crystallite sample can also influence 

the relative peak intensities. SnS2 samples consisting of a crystalline powder or un-orientated 

crystallites will produce an XRD pattern with the standard peak intensities.  

However, if the crystallites within a thin film are deposited in a preferential orientation upon 

the substrate surface. Irrespective of the relative electron densities of each Miller plane, those 

which are oriented appropriately (paralleled to the sample holder) will be detected at 

significantly higher intensities than normally would be seen in a randomly orientated 

powdered sample.  

Figure 2.26:  a) Picture of the SnS2 sample before and after annealing. Raman spectrum of 
SnS2 films deposited at 375 oC from the 0.1 M 1:2 solution, as-deposited and after annealing 
for 1 hour at 475 oC under N2-atmosphere. Assigned Raman peaks and relative intensities 
for the Orthorhombic Sn2S3 (green) and Hexagonal SnS2 (Orange) phases. 
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Comparing the XRD pattern of SnS2 films grown on graphene, glass, and FTO substrates it is 

clear that there is a preferential [001] orientation in all SnS2 thin film samples, compared to 

the XRD of bulk SnS2 powders, as evident from the higher intensity [002] peak generated from 

these sample (see Figure 2.28). Although the SnS2 films are highly orientated in most of the 

thin film samples, the [001] orientation is substantiated when SnS2 is deposited onto graphene 

substrates, such that only the [002] peak is intense in the XRD spectra. It is therefore assumed 

that SnS2 grows more favourably across the [002] miller plane when deposited onto graphene 

and it believed to be because of the relaxed van der Waals interaction between the chemically 

inert surface of graphene combined with the idea that hexagonal structure of graphene match 

the layered Van der Walls structure of SnS2. It is therefore expected that the growth 

mechanism for SnS2 on graphene follows a Frank-van der Merwe ‘’layered growth’’ mode and 

remain consistent through-out the growth of the SnS2 film. Other studies looking at SnS2 have 

reported similar observations on the preferred orientation of SnS2 on graphene ; D. Yang et al 

report that highly orientated [001] SnS2 flakes can be grown via CVD onto exfoliated graphene 

Figure 2.27:  AFM and SEM (Top down and Cross Section) micrographs of SnS2 films 
deposited from the 0.1 M 1:2 solution deposited at for 30 min at 375 oC onto a-b) Graphene 
substrate and c-d) FTO substrates. Scale bar = 1 µm. 
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and highly crystalline mica.132 Furthermore, deposition of SnS2 onto glass substrates by CVD,133 

spray pyrolysis134 and CBD135 also produce SnS2 samples, where the XRD analysis indicates a 

preferential [001] orientation.  

 

 

 

 

 

 

 

 

 

 

Raman spectroscopy can be an effective tool to directly detect ultrathin layers of graphene.  

A. C. Ferrari et al. established a method to determine the thickness of single or multi-layer 

graphene, as well as graphite, using Raman spectroscopy.136 Specifically using a excitation 

wavelength of ~532 nm, the Raman signals from a single-layer of graphene consists of a single 

component peak at 1580 cm-1 (a E2g transition called the G peak) and a single component peak 

at 2676 cm-1 (2D1 and 2D2 transitions and called the G’ peak in graphene). The ratio between 

the G:G’ peak intensity can be used to determine the number of graphene layers within a 

samples. A 1:4 peak intensity is indicative of a single layer of graphene, but from bi-layer to 

multi-layer graphene, and to bulk graphitic materials, the G’ peak (2676 cm-1) becomes less 

intense and broadens, consists of four components. Whilst the G peak (1580 cm-1 ) compenant 

number and intensity remains unchanged, it is slightly shifted to higher frequencies (3-5 cm-1) 

as graphene layers increase. Subsequently, the relative intensity of these peaks, their position, 

and their respective components can effectively determine the thickness of a graphene/ 

Figure 2.28:  XRD spectra of SnS2 deposited onto FTO, graphene and glass substrates. 
Compared with the XRD spectrum of SnS2 powder. 
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graphite sample.  In addition, a third Raman shift at 1350 cm-1, can also be detected, and is 

assigned to the edge transitions in a graphene or a graphite sample. When observed it often 

indicates that the graphene sample has a large number of defects. It is therefore called the D 

peak and can be used to assess the quality of the graphene sample .136  

 

 

 

 

 

 

 

 

 

 

As shown in Figure 2.29, the initial Raman spectrum of the graphene\SnS2 samples only 

detects broad low intensity graphene peaks. By increasing the intensity and the exposure time 

of the 532 nm excitation laser, it is possible to thermally decompose the SnS2 film, and expose 

the underlying graphene substrate. After this etching step, the intensity of the Raman signal 

associated with graphene, increases. (See Figure 2.29 inset). The Raman spectrum of the 

graphene substrate contains the two graphene peaks at 2676 cm-1 and 1580 cm-1. The ratios 

of the normalised peak intensities, at the G (1580 cm-1) and G’ (2676 cm-1) positions, are 

~1:3.56, respectively, and only one component can be fitted to the G’ peak. These data 

indicate that the substrate is mono-layer graphene (MLG). The absence of the D-peak also 

confirms that the graphene substrates are relatively continuous and contains minimal defects.  

(Please Note: Andrew Rushworth from Bath University produced the graphene substrates 

using CVD graphene and transfer methods.137 All work presented in this chapter is part of a 

collaborative effort.) 

a) c) b) Glass Graphene 

Figure 2.29: a) Raman Spectrum of SnS2 on Graphene substrates without (yellow) and with 
(black) laser etching, where the SnS2 surface is removed to expose the underline graphene 
substrate. b) 50 x microscopy image of SnS2 on glass and graphene region of the sample 
analysed. c) Single component Lorentz fitting of the graphene G’ (2D) peak.  
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2.3.12 Photoelectrochemical measurements of SnS2 Samples on Conductive Substrates 

By conducting photo-electrochemical measurements of the SnS2 samples it is possible to 

examine and characterise the properties of the photo-excited charge carriers within the 

samples (as is outline in Appendix B Section A.B.9) and also determine the quality of samples 

for energy harvesting application, such as solar water splitting. 

It is necessary for SnS2 films to be deposited onto conductive substrates to determine their 

photoelectrochemical response, by using the photoelectrochemical measurement techniques 

described in Section 7.1.17. SnS2 samples that were deposited onto FTO (SnS2-FTO) and 

graphene (SnS2-G) substrates using the Dep. 17 method and with a film thickness of ~800 nm, 

were test for their photo-electrochemical response. In addition, photoelectrochemical 

measurements were conducted on standard ~400 nm cadmium sulphide (CdS) thin film 

sample, which was deposited by CBD onto FTO (CdS-FTO) and was assessed for comparison. 

SnS2 Photoelectrochemical Responses under Chopped Illumination 

For the SnS2-FTO, SnS2-G and CdS-FTO samples, the methods for photoelectrochemical 

measurements, consisted of a chopped illumination (470 nm/2.64 eV LED) with a frequency 

of 3 s on and 2 s off. Figure 2.30 presents the photo-electrochemical behaviours of these 

samples across a potential range of -0.7 to +0.7 V vs Ag|AgCl with a slew rate of 10.mVs-1 for 

the SnS2-FTO and CdS-FTO samples, and 20 mVs-1 for the sample SnS2-G. The reductive redox 

electrolyte used in this experiment consisted of a sacrificial 0.1 M Na2SO3 aqueous solution 

purged with N2. All samples produced only cathodic photocurrents, which indicative of the 

native n-type conductivity of SnS2 and CdS (Figure 2.30). [It is also important to note that only 

cathodic photocurrents were observed in separate photo-electrochemical experiments using 

a typical electron scavenging aqueous electrolyte, consisting of 0.1 M Eu(NO3)3]. Large 

photocurrents are observed at bias potentials greater than +0.3 V, and photocurrents are 

three orders of magnitude greater than the dark currents, which is an indication that the films 

do not consist of many pinholes and are of relatively high quality. The photocurrents increase 

with increasing anodic polarisation and is caused by enhanced band bending at the 

semiconductor-electrolyte interface and an increase in the space charge region.  Interestingly, 

observations show no evidence of tunnelling or avalanche break-down in the samples with 

minimal dark currents up to +0.7.V in all cases.  
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 Figure 2.30: Photocurrent measurements across a sweeping potential from -0.7 V to +0.7 
V (vs. Ag|AgCl) with a slew rate of 10.mVs-1 for CdS on FTO a) and SnS2 on FTO b), and 20 
mVs-1 for SnS2 on Graphene c) with an illumination sequence of 3 s on and 2 s off using 
470 nm diode. In 0.1 M Na2SO3 electrolyte. 
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Transient Photocurrent to Chopped Illumination 

The transient photocurrent response at +0.6 V (vs. Ag|AgCl) are shown in Figure 2.31. Abrupt 

onset and decay of the photocurrent density with sharp rectangular shapes during the on/off 

illumination sequence implies effective charge separation, rapid collection of acceptors at the 

electrolyte junction and fast conduction of photo-generated electrons from n-type SnS2 to the 

conductive substrate/back contact. Furthermore, the photocurrent properties indicates that 

there are a small number of inter-bandgap trap states, which has been shown to induce 

persistent photo-currents or catalyse bulk and surface recombination in other SnSx samples.138 

It is also clear that there is a minimal decay in photo current response over a period of 30 s for 

both SnS2 samples deposited on FTO and Graphene, demonstrating relative stability of SnS2 

to photo-degradation. Interestingly, the decay in photocurrent for SnS2 thin films grown on 

graphene (SnS2-G) is much smaller and could be accountable by the preferential orientation 

of these samples, in which the less conductive [001] planes approach the electrolyte solution. 

 

 

 

 

Off On 
Off On 

a) b) 

Figure 2.31: Transient photocurrents densities at +0.6 V vs Ag|AgCl for SnS2 samples 
deposited onto FTO (left) and graphene (right) substrates. Chopping sequences consisted of 
2 s on and 1 s off. Inset are the photocurrent response over an extended illumination time of 
40 s.  Red dotted line indicates the minimum photocurrent density reached over 30 s 
measurement time. In 0.1 M Na2SO3 electrolyte. 
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External Quantum Efficiency (EQE) Measurements 

Measurement of the incident photon-to-current conversion efficiency (IPCE) or external 

quantum efficiency (EQE) is a powerful tool for probing the photo conversion efficiency of 

different samples and were therefore conducted on samples SnS2-FTO, SnS2-G and CdS-FTO. 

EQE measurements were carried out using the three electrode photoelectrochemical cell at a 

bias potential of +0.6 V (vs. Ag|AgCl) following methodologies outlined in Section 7.1.17 and 

Appendix B Section A.B.9. As depicted in Figure 2.31 the EQE onset of the SnS2-FTO and SnS2-

G samples is located around 550 nm (2.25 eV) and matches well with absorption edge of ~2.28 

eV observed from the ss-UV-Vis-IR analysis of similar SnS2 films deposited onto glass (Section 

2.3.10).   As seen in Figure 2.32 the SnS2 samples have relatively high EQE and comparable 

with the 400nm CdS thin films. Interestingly, the EQE is higher for the SnS2-FTO sample than 

the SnS2-G across the measured photon energies. Since the SnS2 samples consist of smooth 

[001] orientated surfaces at the semiconductor-electrolyte junction it is possible that the 

transport of charge carriers across the orientated SnS2 surface may be less efficient. 

Furthermore, the graphene/SnS2 interface is principally made up of Van der Waals interactions 

between the graphene back contact and the SnS2 absorber layer, which may further impede 

efficient charge transport. It is already known that conductivity and charge mobility between 

the structural layers of SnS2 is substantially smaller.139 Furthermore the higher surface 

roughness and exposed surface area of the SnS2-FTO samples will greatly assist charge 

transport into the electrolyte solution, because of the increased active area, and will enhance 

the diffusion rates of electrolyte charge carriers to the photo-electrochemically active SnS2 

surface. Similar observations have been seen by Yongfu Sun et al. In this study the EQE of bulk 

SnS2 thin film samples was compared with exfoliated single layered SnS2 thin films. These 

exfoliated SnS2 samples possessed significantly higher surface area than the bulk samples and 

subsequently they produced high EQE’s c.a. 35% at 440 nm.131 In the SnS2-G samples there is 

also a decrease in the EQE at higher photon energies (<450nm), which is indicative of surface 

recombination. The relatively high photo-current conversion efficiency of these samples and 

their high stability to degradation, indicates that this AA-CVD method coupled with the novel 

combustion precursor mixture can effectively produce high quality SnS2 thin films. It also 

presents SnS2 as exciting candidate for photocatalytic applications, such as water splitting.131, 

140   
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Band-gaps Derived from EQE Measurements 

By plotting the graph of [ln[1-EQE]]2 vs eV, direct band gaps of photo-responsive samples can 

be derived from extrapolating the linear region of the plot to zero, see Figure 2.33 a). The 

band gaps for the SnS2-FTO and SnS2-G closely match and are ~2.30 eV, which supports the 

derived bandgaps from optical absorption measurements (2.35 eV) Section 2.3.10.  

  

Figure 2.32: A comparison of EQE’s measured for SnS2 samples deposited onto FTO (yellow) 
and Graphene (green) by AA-CVD, and the CdS sample deposited onto FTO by CBD methods 
(orange). In 0.1 M Na2SO3 electrolyte. 

Figure 2.33: a) Photon energy vs. (Ln[1-EQE])2 plot, used to derive band gaps of SnS2 samples 
by extrapolating the onset region. b) EQE vs. potential plot, used to derive the flat band 
potential (Efb), and estimated donor density (Nd) in the SnS2-FTO sample. Illuminated at 420 
nm, with a chopping frequency of 2.7 kHz. 

 

a) b) 



I. Y. Ahmet 
 

- 132 - 

Measurement of the Flat-band Potential and the Doping Density 

Using the SnS2-FTO sample, only, EQE measurements at a fixed photon energy (440 nm) and 

at various bias potentials were collected from -0.2 to +1.2 V (vs Ag|AgCl). Using the 

methodology described in Appendix B Section A.B.9, the flatband potential (Efb) and the 

doping density (Na) of SnS2 samples can be derived from the Gärtner equation and a graph of 

[ln[1-EQE]]2 vs. the bias potential (E) (V vs Ag|AgCl), as shown in Figure 2.33 b). The values 

used for the permittivity of free space (ε0), relative permittivity (ε0) and elemental charge (q) 

are 8.85 x 10-12 C2 N-1 m-2 , 10, and 1.602 x 10 -19 C, respectively, when using the Gärtner 

equation. The donor doping density (Nd) of the SnS2-FTO sample was ~ 4.57 x 1020 cm-3, which 

is comparatively high and may be a result of significant concentration of sulphur vacancies (Vs) 

within the sample. Furthermore, the SnS2 sample was found to have a flat band potential (Efb) 

of -0.041 vs Ag|AgCl which was derived from extrapolating the linear region of [ln[1-EQE]]2 vs. 

E to zero.  This value closely matches the Efp deduced from single crystals of SnS2 grown by a 

Bridgman method, which equalled 0.0 V vs Ag|AgCl.141   

Summary 

In conclusion, an overview of the key concepts behind designing low-cost precursor solutions 

for the chemical deposition of metal sulphide materials have been discussed. A novel 

combustible precursor solution containing thiourea, tin(II) chloride, ammonium nitrate and 

nitric acid has been tested in a series of AA-CVD experiments. Interestingly crystals of α,α-

dithiobisformamidinium dinitrate (α-DD) were isolated from these solutions and has been  

shown to serve as an efficient metal sulphide combustion precursor. α-DD has been 

characterised using TGA and DSC analysis and shown to rapidly decompose exothermically at 

low temperatures (~70 oC), with enthalpy of decomposition is ΔHexo = -7.18 kJ mol-1.    

It is speculated that the primary decomposition products are elemental sulphur, H2, NOx and 

other organic by-products. The primary organic product is believed to be carbodiimide, which 

is presumed to either, volatilise, combust or cyclise to form melamine at elevated 

temperatures.  

It is proposed that α-DD is a convenient sulphur and heal source and it is anticipated that α-

DD could be further explored for the low-temperature and low-cost combustion processing of 

other metal sulphide thin materials via AA-CVD.  
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Using these combustible precursor solutions, single-phase polycrystalline SnS2 films have been 

deposited via AA-CVD at low temperatures (275-375oC) onto glass, FTO and graphene 

substrates. XRD reveals a preferential orientation of SnS2 along the 001 plane and this feature 

is pronounced on graphene substrates. At higher furnace temperatures (475-575 oC) 

amorphous films of SnS were deposited and these results confirm what has been previously 

reported in the literature about the thermal stability of SnS2 and SnS phases.123, 125, 126 32  

It is observed that the formation of SnS2 is favourable at lower furnace temperatures due to 

the oxidative redox chemistry of the elemental sulphur generated from the decomposition of 

α-DD. Furthermore the formation of low quality SnS at higher temperatures (>475 oC) is 

speculated to be formed from a combination of Volmer Weber growth, SnS2 thermal 

decomposition and evaporation of SnS and sulphur from the substrate surface at high 

temperatures (see Figure 2.34). 

 

 

 

 

 

 

 

 

The photoelectrochemical responses of SnS2 samples deposited onto FTO and graphene 

substrates have been characterised and compared with CdS thin films. The SnS2 was shown to 

be n-type with a direct band gap of 1.30 eV. Higher EQEs were recorded for SnS2 films 

deposited onto FTO (~15 % at 400 nm) compared to SnS2 films grown on graphene (~4 % at 

400 nm). The SnS2 samples possessed EQEs comparable to n-type CdS thin films on FTO and it 

is proposed that SnS2 could be a viable and sustainable alternative to the toxic CdS thin films, 

conventionally used as a buffer layer in inorganic solar cells. However, it is also of interest that 

Figure 2.34: Proposed AA-CVD processes that evolve polycrystalline SnS2 at low furnace 
temperatures and amorphous SnS at high furnace temperatures generated from the novel 
combustion precursor solutions studied in this Chapter.  
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this deposition route can produce stable SnS2 samples on a large scale and that these samples 

have promising photocatalytic properties, which can be exploited in a wider range of 

applications, such as water splitting.131, 140  

Unfortunately, this route does not allow for the selective low temperature deposition of high 

quality SnS thin films. Thus, it is of interest to design alternative precursors in order to achieve 

this. Subsequently, the proceeding chapters will be focussed on designing alternative routes 

to selectively deposit SnS and SnS2 phases from tailored single-source molecular precursors 

rather than precursor mixtures.  
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Although there are a number of potential routes to synthesise metal ureide/thioureide 

complexes, including protonolysis or salt metathesis reactions, the easiest and most accessible 

route to a metal ureide complex is via the insertion reaction of isocyanates with metal 

amides.1, 2 Interestingly, the first metal ureide complexes were synthesised by M. Lappert et 

al. via the insertion reaction of PhNCO into the M-N bond of Ti(NMe2)4, Zr(NMe2)4 and 

Hf(NMe2)2.1, 3 Subsequently, this route was adopted by T. Wildsmith et al. to produce the first 

structurally reported Tin(II) ureide complex.2 

 

 

 
The insertion of thioisocyanates into the Sn-N bonds of dialkylamido tin(II)/(IV) compounds 

represents a versatile methodology for the synthesis of tin(II) or tin(IV) ureide/ thioureides. 

However, it is known that the choice of metal dialkyl-amido system is important factor and 

can determine the stability of the resultant ureide ligand. Previous investigations 

demonstrated that insertions reactions, with different alkyl isocyanates, into tin(II) di-

Chapter 3: The Isolation and Chemistry of Tin Ureide 
and Thio-ureide Complexes 

Scheme 3.1:  Routes to synthesise tin ureide complexes. a) Protonolysis, b) metathesis and 
c) insertion reactions. 
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silylamide complexes [Sn[N(SiMe3)2]2]2, resulted in the 1, 3 migration of the -SiMe3 unit onto 

the oxygen of the isocyanates.4-6 This migration step, releases an asymmetric carbodiimide 

and results in the formation of a metal silyl oxide ligand and not the expect ureide. Similar 

reactions were originally observed by L.R. Sita et al. when [Sn[N(SiMe3)2]2] was exposed to an 

atmosphere of CO2, resulting in the formation of isocyanates and an oxy-silyl complex.7 This 

processes is are known as a metathetical exchange reaction. Subsequently, it is assumed that 

during the insertion of analogous thioisocyanates into tin(II) di-silylamide complexes, a similar 

process would occur resulting in the likely generation of a tin silyl sulphide complex and a 

release of an asymmetric carbodiimide. For these reasons, reactions using tin silyl amides,  

were intentionally avoided in this chapter.  

 

 
 
 

3.1 Reactions of thioisocyanates with [SnII(NMe2)2]2 

 

All reactions and NMR experiments in this chapter were conducted under an inert atmosphere 

and all solvents were dried and degassed. All products and regents tended to be air and 

moisture sensitive, and were therefore stored in an inert and dry atmosphere. 

The starting reagent, [Sn(µ-NMe2)(NMe2)]2, was synthesised following literature procedures.8 

Slowly adding a diethyl ether slurry of LiNMe2 (2 equiv.) to a diethyl ether solution of SnCl2 at 

-20 oC, results in an immediate reaction, with the evolution of heat (Scheme 3.3). The solution 

was stirred and allowed to slowly reach room temperature, the solvent was then removed 

and the product was extracted with n-hexane and purified by crystallisation at -20 oC.9  

 

 

 

Scheme 3.2:  Mechanism for formation of carbodiimides via the insertion reaction of 
isocyanates into the Sn–N(SiMe2)2 bond. 

 

 

 

 

Scheme 3.3:  Synthesis of [Sn(NMe2)2]2 
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Initial investigations focused on the insertion reactions of thioisocyanates with the 

symmetrically substituted tin(II) amide, [Sn(NMe2)2]. Either the mono- or bis- stannous thio-

ureide complexes were synthesised at high yield by the addition of either 1 or 2 molar 

equivalents of thioisocyanates to cooled THF solutions of Sn(NMe2)2, respectively,. In all cases 

the solutions show a loss in yellow colour (Scheme 3.4 and 3.5).  In all case removal of solvent 

by evaporation, in vacuo, resulted in white precipitates. Distinctive work up procedures for 

either the mono- or bis- stannous thio-ureide complexes were established. 

 

 

  

 

 

 
 
 
 

 

The resultant microcrystalline powders of the mono-thioureide complexes, were washed 3 

times with hexanes, to remove any unreacted reagents, and then dissolved in THF/n-hexane 

(or toluene) solutions, and purified by crystallisation at -20 oC.  

 

 

 

 

 

 

The homoleptic tin(II) bis-thioureide complexes were soluble in hexane, and subsequently 

purified by recrystallization at -20 oC from filtered hexane solutions. Conveniently, due to the 

different hexane solubility’s of these systems, both work-up steps distinctively separate any 

expected side products. For example any residue mono-thioureide Sn(II) complexes are 

removed from the bis-thioureide Sn(II) system, and vice versa.   

Scheme 3.4:  Synthetic route to Sn(II) mono N′,N′-dimethyl thioureide compounds (1-4). 

 

Scheme 3.5:  Synthetic route to Sn(II) bis-N′,N′-dimethyl thioureide compounds (5-7). 
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3.1.1 Solution Analysis of Sn(II) Mono- and Bis- thioureide compounds 

Sn(II) Mono-thioureides 

The 1H NMR of Ph- and tBut- substituted complexes (Compounds 1 and 2, respectively) each 

consists of 2 singlet resonances between δ= 2.58-2.83 ppm corresponding to the two (NMe2) 

groups. Both the Ph- (1) and tBut- (2) groups can be clearly seen in the 1H NMR spectra, the 

phenyl peaks are represented by multiple peaks between δ= 6.70-7.23 ppm (Comprising of 3 

groups of multiplets consistent with the ortho, meta, and para phenyl proton resonances) and 

for the tbutyl system there is a sharp singlet at δ= 1.31 ppm. Furthermore the corresponding 

13C NMR spectra are consistent with the 1H NMR spectra, with respect to common features 

attributed to the 2 independent (NMe2) resonances at δ= 42 and 45 ppm for compound 1  and 

δ= 44 and 45 ppm for  compound 2. The resonance for the aromatic region, in compound 1, 

showed a peak at δ= 123.23 ppm, which can be assigned to the de-shielded carbon atoms 

positioned in the phenyl ring. Downfield resonances at δ= 129.43 and 128.72 ppm in 

compounds 1 and 2, respectively, are indicative of the central de-shielded carbon (Cipso) on 

the N-C(N)-S back bone of the thio-ureide ligands.  

In both cases the 119Sn [1H] NMR spectra for compounds 1 and 2 contained a single resonance 

at δ= 38.50 and 94.38 ppm, respectively. Both spectra suggests that compounds 1 and 2 

exhibit a single Sn environment in solution and suggest there are not multiple tin complexes 

being formed. Furthermore, it has been shown that the 119Sn chemical shifts for tin(II) 

complexes are heavily influenced by the coordination number, and in general an increase in 

coordination number and electron density surrounding the tin centre results in a more up-

field resonance shift. The 119Sn chemical shifts for 1 and 2 are within the 0 to +100 ppm range, 

this suggests that both systems are structurally comparable, and it is likely that both systems 

consist of a 3 coordinate tin centre in solution.10  It is also clear that the 119Sn environment in 

1 (38.50 ppm) is slightly up-field than in 2 (94.38 ppm), which suggests that there is greater 

electron density surrounding the metal centre in 1. The increased electron density 

surrounding the tin atom in 1, maybe influenced by the different substituents surrounding the 

complex. Most specifically the aromatic phenyl group on 1, is capable of donating electron 

density into the delocalised π-bonded system of the NC(S)N thioureide core. This is likely to 

increase the electron density surrounding the nitrogen atom directly bonded to the metal 

centre, which causes the tin resonance to be shifted up-field.  
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In contrast the adamantyl substituted tin (II) mono-thioureide complex, compound 3, 

provided multiple resonance peaks in the 1H NMR spectrum consisting of a broad multiplet 

signal at δ= 1.29-1.31 ppm, with an integral consisting of 9 protons. These peaks can be 

assigned to three CH2 and three CH environments on the Adamantyl group. Two overlapping 

multiplet signals at δ= 1.63 ppm with an overall integral consisting of 12 protons, correspond 

to both the NMe2 groups and three CH2 positions on the Adamantyl. A singlet resonance peaks 

is positioned at δ= 1.69 ppm with a peak integral of 6, can be assigned to a second NMe2 

group. PENDANT (Polarisation Enhancement during Attached Nucleus Testing) 13C [1H] and 

standard 13C [1H] NMR spectroscopy experiments were conducted on compound 3 to 

determine the 13C resonance signals associated with the quaternary, CH, CH2 and CH3 carbon 

positions.11 These spectrum contained three resonance signals at δ= 20.03, 28.84, and 35.37 

ppm, belonging to two CH2 carbons, and one CH carbon on the Adamantyl group, respectively. 

The two resonance peaks at δ= 41.54 and 41.98 ppm are associated with two CH3 carbons on 

the two inequivalent NMe2 groups. The 13C signal at δ= 43.01 ppm, is supplementary to the 

single quaternary carbon on the Adamantyl group. The 13C associated with the N-C(N)-S back 

bone produces a single peak at δ= 138.55 ppm. Furthermore only a single 119Sn chemical shift 

was detected in the 119Sn NMR of compound 3, and the chemical shift is positioned at δ = +102 

ppm, which is indicative of a three coordinate Sn(II) centre and only a single Sn species exists 

in solution.  

The attempts to isolat  mono-insertion product from the reaction of Allyl-thioisocyanate with 

Sn(NMe2)2, to form an amino mono allyl-thioureide Sn(II) complex, compound 4, was 

unsuccessful and resulted in the isolation of microcrystalline material, with a complex NMR 

analysis profile. The 1H, 13C and 119Sn NMR spectra of the isolated product consisted of 

multiple resonances that can be assigned to three distinct compounds; [Sn(NMe2)2]2, 

compound 7, and an intermediate system, compound 4i (See Scheme 3.6). The singlet peak at 

δ= 2.80 ppm from the 1H NMR analysis, the 13C NMR peak at δ= 43.23 ppm, and a 119Sn NMR 

peak at δ= 122.73 ppm can be assigned to the unreacted starting reagent, [Sn(NMe2)2]2.8-10 

Three 1H NMR singlet peaks at δ= 3.03, 2.94 and 2.44 ppm with peak integrals of 1:2:1 ratios, 

respectively, are assigned to three inequivalent (NMe2) groups on the proposed structure of 

compound 4i. Another singlet peak at δ= 2.52 ppm is assigned to a (NMe2) group on compound 

7. The integral of the peak at δ= 2.52 ppm is c.a. 2.40 x larger than the singlet peaks at δ= 3.03 
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ppm assigned to compound 4i, indicating that the concentration of 7 is 1.2 times larger than 

4i. The 1H NMR spectra presents two sets of four chemically distinct protons associated with 

Allyl groups, where one set matches those observed for compound 7 (see below). Those 

corresponding to compound 4i consist of a broad doublet at δ= 4.63 ppm associated with the 

secondary (N-CH2-CH) environment with coupling constants linked with adjacent vinyl proton 

of 5.84 Hz. The multiplet at δ= 6.39-6.25 ppm is connected with the interior vinyl proton with 

coupling constants associated with cis, trans and two adjacent allyl protons, at  8.67, 16.67 

and 5.84 Hz respectively. The two terminal alkene protons present resonances and coupling 

constant at δ= 5.60-5.45 ppm and 16.67 Hz for the trans proton and δ= 5.20-5.13 ppm and 

8.67 Hz for the cis proton. The 13C NMR spectrum of 4i consisted of four up field carbon peak 

at δ= 41.59, 45.28, 45.59 and 45.66 ppm corresponding to one alkyl carbon on the allyl group 

and three inequivalent NMe2 groups, respectively. Three down field shifts at δ= 117.01, 121.15 

and 140.01 ppm correspond to one terminal and one interior vinyl carbon atom and the 

central carbon atom of the N-C(N)-S back bone. The 119Sn NMR consists of four resonance 

peaks, where two are associated with compound 4i at δ= -230 and – 210 ppm, one chemical 

shift at δ= 123 ppm assigned to [Sn(NMe2)2]2 and a up field peak at -409 ppm assigned to 7. 

These data suggests that the products evolved from the reaction of one equivalent allyl-

thioisocyanate with [Sn(NMe2)2] only results in a mixture of products consisting of 

[Sn(NMe2)2], compound 7 and an intermediated compound 4i. It is proposed from NMR 

analysis that 4i is a dimeric Sn(II) complex, bridged by two dimethyl amide groups and consists 

of two separate tin environments; one of a 4 coordinate centre surrounded by an allyl 

thioureide group two bridging amides, the other a 3 coordinate centre surrounded by one 

terminal amide and two bridging amides, see Scheme 3.6.   

 

 
Scheme 3.6:  Three molecular species predicted from the NMR analysis of the crude product 
generated from the dynamic equilibrium between 2 equiv. Allyl isocyanate and [Sn(NMe2)2]2.  
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Room Temperature Stability of Compound 2 

It is important to note that when compound 2 is stored in the dark under inert atmosphere, 

the white microcrystalline product turns to brown and then black over period of 3-5 days, 

resulting in an unknown insoluble product (See Appendix C Figure C.2.2). However, at –20 oC 

under inert atmospheres, compound 2 appears not to decompose and can be stored for 

prolonged periods of time. Comparably under inert atmosphere compounds 1 and 3 remain 

stable at room temperature.  

Sn(II) Bis-thioureides 

While attempts to synthesise the heteroleptic Sn(II) mono-thioureide complexes,                        

[[R-NC(S)NMe2]SnNMe2] (R = Ph- [1] or tBut-[2]), through the mono-insertion reaction were 

successful, their appears to be a fine balance between electronic and steric factors that 

determine the Schlenk equilibria of these systems.  Attempts to synthesise the bis(N-tbutyl-

N′,N′-dimethylthiouriate) tin(II) complexes from the addition of two equivalents of tbutyl-

thioisocyanates to [Sn(NMe2)2] resulted in the precipitation of an insoluble brown product 

when the reaction mixture was brought to room temperatures. In an attempt to vary reaction 

conditions, further reactions were carried out in pyridine, toluene and hexane solvent, which 

continued to form the same insoluble brown product. It was assumed that the formation of a 

bis-tbutyl thioureide tin (II) complex is thermally unstable and immediately decomposes to SnS 

and mixture of organic material. Similar thermal instabilities are seen in the equivalent mono-

tbutyl –thioureide tin (II) complex, compound 2, which requires storage at -20 oC and it is 

possible that this maybe an inherent property of these systems. 

Contrastingly, attempts to synthesise bis(N-phenyl-N′,N′-dimethylthiouriate) tin(II) (5), were 

successful, and could be achieved through the addition of two equivalents of phenyl-

thioisocyanates to cooled [Sn(NMe2)2] solutions. Subsequently large colourless crystals of 

compound 5 were successfully isolated at high yields (~86 %) by recrystallization from hexane 

solutions (Scheme 3.5). The 1H NMR analysis of the crystalline product consisted of a singlet 

at δ= 2.78 ppm (12H) corresponding to protons on the two equivalent NMe3 groups. Three 

groups of multiplet signals representative of the ortho, meta and para protons of a single 

phenyl environment are positioned downfield, consisting of a doublet at δ= 6.78 ppm (4H), a 

triplet at δ= 6.90 ppm (2H) and a doublet of doublets at δ= 7.15 pm (4H), respectively. Greater 
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shielding of protons on the ortho and para positions indicates significant electron donation 

into the phenyl ring possibly induced by the π delocalisation of the thioureide core and its 

ability to bond through aligned pi orbitals. In the 13C NMR spectra, one up field shift at δ= 

42.20 ppm is associated with a single NMe2 environment. The spectra also shows three weak 

resonance peaks at δ= 123.73, 129.52 and 148.76 ppm associated with carbons on a single 

phenyl ring. The downfield de-shielded resonance at δ= 177.39 represents the carbon within 

the N-C(N)-S back bone. The 119Sn NMR produces a single up field resonance peak at -411.01 

ppm. The resonances in the multinuclear NMR spectra were thus indicative of a homoleptic 

system with two equivalent thioureate ligands bound to a central four coordinate tin(II) atom. 

Similarly, an adamantyl derivative bis(N-adamantyl-N′,N′-dimethylthiouriate) tin(II) (6), can be 

obtained from the addition of two equivalents of adamantyl-thioisocyanates to [Sn(NMe2)2] 

solutions (Scheme 3.5), producing large colourless crystals of compound 6 at high yields (~71 

%) by recrystallization from hexane solutions. The 1H NMR spectrum consists of one singlet 

resonance at δ= 2.78 ppm (12H) corresponding to a single NMe3 environment. Three multiplet 

signals at δ= 2.33, 1.86 and 1.47 ppm with integrals corresponding to 12, 6 and 12 protons, 

respectively, are assigned to the CH2, CH and CH2 protons on a single adamantyl group. 

PENDANT 13C [1H] and standard 13C [1H] NMR spectroscopy experiments consisted of four up 

field carbon peaks at δ= 31.30, 37.82, 44.11 and 45.92 ppm representative of one CH, two CH2 

and an NMe2 group. The down field resonances at δ= 126.03 and 129.66 ppm are indicative 

of quaternary carbon on the adamantyl group and the central carbon on the N-C(N)-S back 

bone. The 119Sn NMR spectrum of 6 had a single resonance peaks at -413.95 ppm. These data 

are consistent with compound 6 consisting of a four coordinate homoleptic Sn(II) bis-

thioureide complex akin to compound 5.  

While attempts to synthesis the heteroleptic bis amino mono-allyl-thioureide Sn(II) complex, 

([Allyl-NC(S)NMe2]SnNMe2) (4), were unsuccessful and resulted in a mixture of products, the 

homoleptic complex bis(N-adamantyl-N′,N′-dimethylthiouriate) tin(II) (7) can be isolated as a 

pure product. The reaction of two equivalents of allyl-thioisocyanates with [Sn(NMe2)2] 

solutions resulted in the isolation of large colourless crystals of compound 7, at high yields 

(~86 %) by recrystallization from hexane solutions (Scheme 3.5). 
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The 1H NMR of compound 7, consisted of a singlet at δ= 2.55 ppm (12H) representing a single 

NMe2 environment, and four resonance peaks associated with a single allyl group. The doublet 

at δ= 4.23 ppm (4H) corresponds to the allyl protons with a coupling constant of 4.90 Hz 

supplementary to the adjacent proton on the vinyl group. The multiplet at δ= 5.90-5.70 ppm 

(2H) corresponds to the interior vinyl proton coupling to cis, trans, and two adjacent allyl 

protons, with constants of 10.27, 16.25 and 4.90 Hz associated with each interaction. The two 

terminal alkene protons consist of doublet of doublet resonance peaks at δ= 5.03-4.96 ppm 

and coupling constant of 10.27 and 1.70 Hz for the cis proton and δ= 5.28-5.18 ppm and 16.25 

and 1.70 Hz for the trans proton. The 13C NMR spectrum of 7 consisted of two up field carbon 

peaks at δ= 42.21 and 52.66 ppm corresponding to one alkyl group and an NMe2 group. The 

three down field peaks at 116.07, 137.55 and 183.93 ppm are associated with the deshielded 

environments of the two vinyl carbons and one carbon on the N-C(N)-S back bone. The 119Sn 

NMR spectrum contain one resonance peak as -409.36 ppm. All multinuclear NMR data 

present compound 7 as an allyl derivative of the Sn(II) bis-thioureide system equivalent to 

compound 5 and 6.  

Comparison of the multi-nuclear NMR for the Sn(II) Mono- and Bis-thioureide systems 

It is of interest to compare the NMR data of equivalent nuclei on the heteroleptic mono-

thioureide amido Sn(II) complexes (compounds 1,2,3, and 4i*) and homoleptic bis-thioureide 

Sn(II) complexes (compounds 5, 6, 7, and 8). Table 3.1 provides a comparison of the 119Sn 

chemical shifts, 13C chemical shifts on the N-C(N)-S thioureide backbone, and 1H resonances 

for the ternary (NMe2) or (N(Me)Et) environments.   

Many studies have identified a correlation between the 119Sn NMR shifts and the coordination 

number of Sn(II) alkoxides/amides and other multi dentate hetero- and homoleptic 

complexes. From a general perspective the 119Sn chemical shifts of Sn(II) systems range from 

+700 to -700 ppm, although the down field chemical shifts (c.a. +700 to 0 ppm) are associated 

with complexes with low coordination numbers (n = 1, 2 or 3) and the  upfield shifts are 

associated with Sn(II) complexes of higher coordination numbers (n = 3, 4, or 5).10, 12  

The 119Sn chemical shifts for the bis-thioureide systems (5, 6, and 7) correlate well with those 

reported from similar homoleptic four coordinate tin(II) complexes consisting of bis-ureides 

(δ -357 ppm),2 bis-thiocarbamates (δ -522 to -538),13 bis-amidinates (δ -252.3 to -394.8 )14, 15 
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Table 3.1: Comparable 119Sn [1H], 13C[1H], and 1H NMR shifts for compounds 5-8.  

*13C NMR associated to the central (ipso) carbon on the N-C(N)-S thio ureate back bone. 
 

or bis-guanidinates (δ -377 to -427.8 )16 ligands. All the aforementioned Sn(II) complexes 

exhibit the same degree of electron shielding from the donor atoms of the bidentate ligands 

surround the metal centre irrespective of the donor elements (N, O, S….etc.).  

 

 

 

 

The mono-thioureide compounds (1, 2, and 3) correlate well with the chemical shifts obtained 

from similar of three coordinate Sn(II) species, such as mixed amidinato-amido complexes (δ 

-28.58 to +50.10 ppm)15, mixed guanidnato-amido complexes (δ -93.0 to -119.5 ppm)16 and 

the dimeric tin (II) dimethylamide (δ +125.75 ppm)10. Although starkly different to the 119Sn 

chemical shifts of di-coordinate monomeric Sn(II) complexes, such as Sn(HMDS)2 (δ +775 ppm) 

which is due to the electron withdrawing nature of the tri-methyl silyl groups .10, 17  

The two Sn119 chemical shifts associated with compound 4i at δ -210 and -230 ppm are in the 

region somewhere between what would be expected for a three coordinate or four 

coordinate Sn(II) centre. The speculated structure of 4i is assumed to be a dimeric system 

containing both a three coordinate and four coordinate Sn(II) centres. The generation two 

different chemical shifts in this region reinforces the prediction that 4i adopts this structure.  

  

Compound 
(R-Group) 

119Sn NMR 
Shift (ppm) 

13C NMR 
Shift (ppm)* 

1H NMR Shift (ppm) 

NMe2 (ureide) / Sn-(µ-NMe2) 

1 (Phenyl) +39 +129.43 +2.83 +2.62 

2 (tButyl) +94 +128.72 +2.78 +2.58 

3 (Adamantyl) +102 +138.55 +1.69 +1.69 

4i (Allyl) -210/-230 +140.01 +2.94 +2.44 

5 (Phenyl) -411 +177.39 +2.48 - 

6 (Adamantyl) -414 +129.66 +2.05 - 

7 (Allyl) -409 +183.93 +2.55 - 

    N(Me)Et N(Et)Me 

9 (Phenyl) -403 +176.44 +2.59 +1.09 
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The 13C [1H] NMR resonances for the central ipso carbon on the thioureate backbone of all 

systems reported in this section are all very similar to those reported for the wide range of 

homo- and heteroleptic ureates,2 guanidinates,16, 18 amidinates14, 15 and carbamates19 systems 

with downfield resonances observed around δ 200-130 ppm and indicates that electron 

density is drawn away from the ispso carbon, to surrounding more electronegative N and S 

atoms.  

It has been shown from these data that either the heteroleptic Sn(II) mono-thioureide 

complexes or homoleptic Sn(II) bis-thioureide complexes maybe be identified from the 

position of 119Sn chemical shifts, which either sit down field around +200 to 0 ppm or up field 

around -350 to -450 ppm,  respectively. These distinct differences arise from the coordination 

environments surround the tin(II) centre, either being 3 coordinate or 4 coordinate in solution.  
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3.1.2 Structural Analysis of Sn(II) Mono- and Bis- thioureide complexes 

The solid state structures of 1-3 and 5-7 were confirmed by single crystal X-ray analysis.  

The Structures of Sn(II) mono-thioureide complexes 

Single crystal X-ray diffraction analysis performed on compounds 1, 2 and 3 revealed that 

these systems adopt the same generic structure, which comprises of a bridged amide (Sn2N2) 

core structures. The solid state structure of compounds 1, 2 and 3 are shown in Figures 3.1, 

3.2 and 3.3, respectively. A summary of the crystallographic parameters and a selection of 

bond lengths and angles can be found in Table 3.2 and Appendix A Section A.A.2. 

In all cases the thioureide [k2-N,S-R-NC(NMe2)S] [R= Ph- (1), tBut- (2), and Adam- (3)] ligands 

are arranged about the [Sn2N2] core with thioureide ligands positioned in a transoidal fashion. 

The Sn(II) centres possess either a four co-ordinate distorted square based-pyramidal 

geometry (R= Ph, 1) or a three co-ordinate distorted tetrahedral geometry (R = tBut, 2 and 

Adam, 3),  through the combination of the stereoactive lone pair positioned at the apex, 

bridging amino (NMe2) groups, and the mono/bidentate interaction of the thio-ureide ligands, 

where the S and secondary N atom of the thioureide ligand are co-ordinated to each Sn atom. 

The crystal structure of compound 3 contains a single toluene solvent molecule per 

asymmetric unit. Considerably, these are the first structural examples of amino mono-thio-

ureide Sn(II) complexes that have been reported to date.  

 

 

 

 

 

 

 

 Figure 3.1: Crystal structure of compound 1.  
ORTEP diagram (50% probability ellipsoids) 
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In all cases the thioureate ligands are orientated in a к2 N, S binding motif where the nitrogen 

co-ordination is provided by the substituted amido N-R donor rather than the NMe2 

component. Interestingly, there is an apparent transition from a к2 N, S bidentate motif to a 

к1 S monodentate motif, proceeding from compound 1, to 2 to 3, where the effective steric 

bulk of the R-groups increases from phenyl, to tbutyl and adamantyl. This can be observed by 

an elongation of the bonds between the N-R donor and the Sn(II) centre for 1 [N(11)-Sn(1), 

2.463 (4) Å] to 2 [N(11)-Sn(1), 2.573 (6) Å] to 3 [N(11)-Sn(1), 2.607 (4) Å]. The decrease in the 

N-Sn interaction is compensated by a shortening of the S-Sn bond lengths from 1 [S(11)-Sn(1), 

2.598 (13) Å] to 2 [S(11)-Sn(1), 2.547 (18) Å] to 3 [S(11)-Sn(1), 2.550 (12) Å]. 

 

 

  

Figure 3.3: Crystal structure of compound 3, with the inclusion of a toluene solvent 
molecule. ORTEP diagram (50% probability ellipsoids) 

 

Figure 3.2: Crystal structure of compound 2.  
ORTEP diagram (50% probability ellipsoids) 
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The reasoning for this relationship can be explained through a combination of both steric and 

electronic interactions. As mentioned, for the delocalisation of electrons to occur between 

the thioureate NMe2 group and it NCS core, the nitrogen on NMe2 group must be sp2 

hybridised and co-planar to the NCS core. In the structure of compound 1 the terminal NMe2 

Selected Bond Lengths (Å) 

Compound 1 2 3 

Bond     
Sn(1)-N(2) 2.205(4) 2.206(7) 2.225(4) 

Sn(1)-N(2)i 2.381(4) 2.371(6) 2.347(4) 

Sn(1)-N(11) 2.463(4) 2.573(6) 2.607(4) 

Sn(1)-S(11) 2.5980(13) 2.5475(18) 2.5500(12) 

S(11)-C(11) 1.755(5) 1.766(7) 1.768(5) 

C(11)-N(11) 1.315(7) 1.289(9) 1.283(6) 

C(11)-N(1) 1.353(6) 1.430(8) 1.435(6) 

N(11)- C(12) 1.408(6) 1.502(8) 1.481(5) 

N(1)-C(1) 1.457(7) 1.469(11) 1.469(7) 

Selected Angles (o) 

Compound 1 2 3 

Angle    
Sn(1)-N(2)-Sn(1)i 99.85(15) 98.8(3) 100.77(14) 

N(2)i-Sn(1)-N(2) 80.15(15) 81.2(2) 79.23(14) 

N(11)-Sn(1)-N(2) 145.24(14) 146.6(2) 145.84(12) 

N(11)-Sn(1)-S(11) 61.35(11) 61.27(13) 60.88(8) 

N(2)i-Sn(1)- S(11) 96.53(11) 94.02(18) 95.58(10) 

N(1)-C(11)-S(11) 119.5(4) 118.4(5) 118.1(3) 

S(11)-C(11)-N(11) 113.9(4) 116.5(5) 117.0(3) 

N(1)-C(11)-N(11) 126.5(5) 125.1(6) 125.0(4) 

C(11)-N(1)-C(1) 121.9(5) 109.9(6) 112.4(4) 

C(11)-N(1)-C(2) 122.3(5) 112.5(6) 111.5(4) 

C(1)-N(1)-C(2) 115.0(4) 110.2(7) 110.9(4) 

Sn(1)-S(11)-C(11) 84.40(17) 86.0(2) 86.53(15) 

Table 3.2: Selected bond distances (Å) and angles (°) for (1), (2) and (3). 
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is seemingly sp2 hybridised as it is arranged in a trigonal planer geometry with the sum of 

angles being 359.21o. for compound 1 the dihedral angle between the NMe2 and NCS planes 

is 21.8o. This will allow for there to be a π-interaction between non-bonding lone pair on the 

NMe2 and the π orbitals of the NCS core. The delocalised interaction will subsequently 

enhance the nucleophilic properties of the thioureate ligand, making it possible to form di-

anionic resonance forms. Upon this, in 1, the dihedral angle of the phenyl aromatic ring and 

the NCS plane is 47.3o. Therefore, the π orbitals of the phenyl group can form a delocalised 

interaction with the NCS core, thus, further enhancing the nucleophilic properties of the 

thioureate ligand, but also drawing electron density towards the bonding nitrogen (N-Ph) 

atom. Resultantly, the thioureate ligand in the structure of 1 exhibits an obvious bidentate 

interaction with the Sn(II) centre, through both the N and S atoms 

 

 

 

 

 

 

 

 

 

Examining the structures of 2 and 3 the terminal NMe2 group on the thioureate ligands are 

highly distorted by the bulky tButyl or Adamantyl groups and the N atom appears to be sp3 

hybridised, where the sum of angles round the nitrogen centres (Cipso-NMe2 ) for 2 are 334.7o 

and 3 is 334.8o. Combined with these observations, the dihedral angle between the NMe2 and 

NCS planes are 86.7o for 2 and 85.7o for 3 will prevent a delocalised π-interaction between 

these groups (Figure 3.4). Also, in these two systems the nitrogen atom attached to either the 

bulky tButyl- or Adamantyl group appears to cause steric restriction surrounding the tin centre 

21.8 o 
(1) 

86.7 o 

(2) 

85.7 o 

(3) 

Figure 3.4: Illustration looking at the differences in the dihedral angle between the C(11)-
N(1)-C(1)-C(2) plane (NMe2 group) and the N(11)-C(11)-S(11)-Sn(1) plane (NCS group) in 
compounds (1), (2) and (3).  
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preventing a strong N donor interaction with the Sn(II) centre, resultantly the Sn(1)-N(11) 

bond lengths are 2.573(6) Å in 2 and 2.607(4) Å in 3, much greater than the equivalent bond 

length in 1, which is  2.463(4) Å. It is clear from these combining factors that the thioureate 

ligands in compounds 2 and 3, become increasingly monodentate and predominantly 

coordinating through the sulfur atom.  Furthermore the 119Sn NMR resonances shift downfield 

from 1 (δ +39 ppm) to 2 (δ +94 ppm), to 3 (δ +102 ppm) which supports the decreased 

coordination number and electron shielding around the Sn(II) centre.  

Consequently, it can be assumed that with increased steric bulk of N-R substituents, decreased 

electron donation from the terminal NMe2 group and non-aromatic R-groups, the thioureate 

ligands acts more like an monodentate isothioureate where electron density is drawn onto 

the sulphur atom. This effectively forms a thiolate group and a weakly coordinating imide (S-

(NMe2)-C=N-R), and is supported by the N-C bond lengths in 2 [C(11)-N(11) 1.274 (7) Å] and 3 

[C(11)-N(11) 1.282 (6) Å], which infers a N=Cipso double bond (1.279 Å, C=N). Conversely, in 

compound 1 [C(11)-N(1) 1.316 (7) Å] the N-Cipso bond length is somewhere between a single 

(1.465 Å, C-N) and a double bond (1.279 Å, C-N). (See Section 3.2.4, Schemes 3.09 and 3.10).  

The Structures of Sn(II) Bis-thioureide complexes 

Single crystal X-ray diffraction analysis performed on 5, 6 and 7 displayed their solid state 

structures as monomeric Tin(II) bisthioureide systems shown in Figures 3.5, 3.6 and 3.7. A 

summary of the crystallographic parameters and a selection of bond lengths and angles can 

be found in Table 3.3 and Appendix A Section A.A 2. All three compounds possess four 

coordinate tin (II) centres by which two equivalent thioureate ligands, acting as bidentate 

chelates, orientated in a к2 N, S motif, are positioned in a transoidal configuration to minimise 

steric repulsion from R- substituents, and adopting a distorted square based pyramidal 

geometry with the stereo-active lone pair on the tin(II) centre situated at the apex. In all cases 

the nitrogen coordination is provided by the amido N-R [where R = Phenyl (5), Adamantyl (6) 

or Allyl (7)] donor rather than the amino NMe2 component. All systems are four coordinate in 

the solid state and in solution which is supported by the up-field 119Sn NMR resonances for 5 

(δ -411 ppm), 6 (δ -414 ppm) and 7 (δ -409 ppm).  
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In the structures of compounds 5, 6, and 7 the two facing equivalent N-Sn and S-Sn bonds 

surrounding the tin centre are identical so that both thioureate ligands are equidistant from 

the tin centre. Interestingly the Sn-N bond lengths, for 5 (N(11)-Sn(1), 2.372 (3) Å), 6 (N(11)-

Sn(1), 2.399 (2) Å), and 7 [N(11)-Sn(1), 2.191 (1) Å] are comparable to those described for 

homoleptic and heteroleptic ureides, amidinates and guanidinates, which vary from 2.2-2.4 Å 

depending on the identity of the N-substituents.2, 14-16, 18  

Selected Bond Lengths (Å)  

Compound 5 6 7 9 

Bond      
Sn(1)-N(11) 2.372(3) 2.3989(17) 2.190(2) 2.297(3) 

Sn(1)-S(11) 2.5952(9) 2.5709(6) 2.7390(7) 2.5894(9) 

Sn(1)-N(11)i 2.372(3) 2.3989(17) 2.190(2) 2.328(3) 

Sn(1)-S(11)i 2.5952(9) 2.5708(6) 2.7391(7) 2.6249(9) 

S(11)-C(11) 1.756(3) 1.759(2) 1.743(3) 1.753(3) 

C(11)-N(11) 1.319(4) 1.286(3) 1.327(3) 1.314(5) 

C(11)-N(1) 1.348(4) 1.433(3) 1.351(3) 1.348(4) 

N(11)-C(12) 1.420(4) 1.481(2) 1.466(3) 1.422(4) 

N(1)-C(1)(Me) 1.458(4) 1.466(3) 1.460(4) 1.470(4) 

 Selected Angles (o) 

Compound 5 6 7 9 

Angle     
N(11)-Sn(1)-N(11)i 127.13(13) 131.34(8) 97.33(12) 125.06(10) 

N(11)-Sn(1)-S(11) 62.77(7) 62.81(4) 62.25(6) 62.54(8) 

N(11)i-Sn(1)-S(11) 83.09(7) 85.11(4) 90.43(6) 85.87(8) 

S(11)-Sn(1)-S(11)i 99.07(4) 97.70(3) 139.42(3) 106.20(3) 

N(1)-C(11)-S(11) 114.3(2) 120.04(15) 120.1(2) 113.7(3) 

C(11)-N(1)-C(1) (Me) 123.5(3) 112.71(18) 120.9(2) 121.6(3) 

C(11)-N(1)-C(2) (Et) 122.0(3) 110.43(17) 123.5(2) 122.5(3) 

C(1)-N(1)-C(2) 114.1(3) 110.89(19) 113.9(2) 115.8(3) 

Sn(1)-S(11)-C(11) 81.93(11) 81.76(7) 75.65(9) 79.86(13) 

Table 3.3: Selected bond distances (Å) and angles (°) for (5), (6), (7) and (9). 
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The stereo active lone pair on the Sn (II) centre has a significant influence on the geometry of 

thioureate ligand and their surrounding bonds. The angle subtended by the two S-C-N-Sn 

planes varies from 94.14o in 5, to 82.82o in 6, to 77.19o in 7. Interestingly the interior angle 

between the opposing S-Sn-S bonds decrease from 7(139.43o), 5(99.07o), and 6(97.70o) and 

the angles between N-Sn-N bonds increases from 7(97.32o), 5(127.12o), and 6(131.33o), and is 

dependent on the steric strain imposed the stereo active lone pair and substituted R groups 

on the coordinating N atom. Furthermore the S-Sn bond length is substantially larger by 0.15-

0.17 Å in compound 7 [S(1)-Sn(1), 2.740 (1) Å] compared to compounds 5 [S(11)-Sn(1), 2.595 

(1) Å] and 6 [S(1)-Sn(1), 2.571 (6) Å], indicating a weaker tin and sulphur interaction in the allyl 

substituted complex.  

Figure 3.5: Crystal structure of compound 5.  
ORTEP diagram (50% probability ellipsoids) 

 

Figure 3.6: Crystal structure of compound 7. Hydrogen atoms removed for clarity. 
ORTEP diagram (50% probability ellipsoids) 
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Another comparable feature is that the NMe2 group is highly distorted in the structure of 6 

resulting in the distortion of the NMe2 so that the N atom is sp3 hybridised adopting a 

tetrahedral geometry, where the sum of angle surround the nitrogen is 334.03o. Furthermore 

the dihedral angle between the NMe2 [C(1)-N(1)-C(2)] plane and the S-C-N plane is 83.63o. 

These features will minimise the electron donation, from the lone pair situated on the 

nitrogen of the NMe2 group, into the SCN core. In comparison the NMe2 groups on compounds 

5 and 7 is allowed to form a sp2 hybridised trigonal planar geometry, where the sum of angle 

surrounding the nitrogen atom equals 359.63o in 5 and 358.31o in 7. Subsequently, the 

dihedral angle between the NMe2 plane and the S-C-N core is only 14.97o in 5 and 19.56o in 7, 

subsequently the C-NMe2 bond lengths for 5 [N(1)-C(11), 1.348 (4) Å]  and 7 [N(1)-C(11), 1.350 

(4) Å] are on the scale of a partial C=N double bond (1.32 Å) and are substantially shorter than 

in 6 [N(1)-C(11), 1.433 (3) Å], which is closer to a C-N single bond length (1.47 Å). These 

structural features indicate that the extent of negative charge delocalisation across the SCN 

and the terminal C-NMe2 group is greater in 5 and 7 compared to 6, due to the available π 

interactions, which is clearly caused by the steric restrictions imposed by the large adamantyl 

group. 

  

Figure 3.7: Crystal structure of compound 6. Hydrogen atoms removed for clarity. 
ORTEP diagram (50% probability ellipsoids) 
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3.2 Synthesis of Sn (II) Bis-thioureides Complexes Consisting of an 
Asymmetric Terminal Amide (C-NMeEt) 

 
In all of the aforementioned compounds in this chapter, the terminal group on the thioureate 

ligands consisted of a symmetric dimethyl amide (C-NMe2). It was therefore of interest to 

synthesise thioureide complexes with a terminal assymetric methylethyl amide (c-NMeEt) 

group. 

3.2.1 Synthesis of Tetrakis(ethylmethylamino) dintin(II) 

Initially Tetrakis(ethylmethylamino) ditin(II), compound 8, was synthesised from following the 

similar literatures procedures used to synthesise the reagent [Sn(µ-NMe2)(NMe2)]2, instead a 

Et2O slurry of two equivalents of lithium ethyl methyl amide (LiNMeEt) was slowly added to a 

Et2O solution of SnCl2 at -20 oC, see Scheme 3.78, 9 (LiNMeEt was synthesised, isolated and 

characterised, using the method described in section 7.3.9) 

 

 

 

Interestingly, where the analogous symmetrical system [Sn(µ-NMe2)(NMe2)]2 can be isolated 

at high yields (~90 %) by recrystallation to form an orange crystalline solid, the assymetric 

system [Sn(µ-NEtMe)(NEtMe)]2, compound 8, consisted of an orange vicous liquid, which was 

isolated from the crude by short path vacuum distillation and gentle heating at 60-90 oC, 

resulting in a smaller yield of ~50%.    

3.2.2 Solution Analysis of Tetrakis(ethylmethylamino) ditin(II) (Compound 8) 

The 1H NMR of 8 is complex consisting of multiple resonance peaks that can be assigned to 

the methyl and ethyl groups on the NMeEt constituent, in numerous environments. There 

appears to be three broad triplet resonances at δ = 1.31-1.26, 1.22-1.18 and 1.31-1.06 ppm 

with coupling constants of 6.80, 7.10 and 7.10 Hz and ratio of peak integrals equal to 10H , 

30H and 80H respectively. These triplet peaks are associated with the terminal CH3 protons of 

the ethyl groups in three distinct environments. There are four singlet peaks at  δ = 2.81, 2.73, 

2.65 and 2.45 ppm with ratio of peaks integrals equal to 20H, 60H, 20H and 20H respectively. 

These peaks maybe assigned to the methyl groups in four distinct environments.  Downfield 

Scheme 3.7:  Synthetic route to [Sn(NMeEt)2]2 (8). 
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consists of one multiplet at δ = 3.35-3.11 ppm with a peak integral of 40H. Also there are two 

broad quartets at δ = 3.10-3.04 and 3.02-2.95 ppm with coupling constants of 6.80 and 7.10 

Hz and both with peak integrals of 20H. These peaks are assigned to the secondary -CH2- 

protons of the ethyl groups of three distinct environments. Similarly the 13C NMR consisted of 

23 distinct resonances ranging from δ = 60.49 to 12.43 ppm. Furthermore the 119Sn NMR 

consist of nine resonance peaks at δ = +137.89, +126.58, +107.83, +93.30, +22.02, +0.50, -

71.76 , -121.72, and -127.98 ppm. 

It can be difficult to explicitly identify and associate each resonance to a specific environment 

in the complex multinuclear NMR spectra of compound 8. However, some structural features 

could be elucidated. It is likely that compound 8 adopts the three coordinate Sn(II) dimer, 

identical to the [Sn(µ-NMe2)(NMe2)]2 complex, which has already been confirmed and shown 

to adopt in both the solution and solid state. The structure of [Sn(µ-NMe2)(NMe2)]2 consists 

of two terminal amido NMe2 groups arranged around a [Sn2N2] core in either a  transoidal, 

cisoidal or single bridging amide geometry, where the presence of the Sn(II) stereoactive lone 

pair is apparent by the 103.3o angle between the Sn2-N2 plane and the Sn-NMe2 vector (please 

refer to the publication by P. Foley and Z. Martel).8 I can be assumed that compound 8 adopts 

the isostructural dimer, [Sn(µ-NMeEt)(NMeEt)]2 and exists in the trans isomer in solution and 

due to the bulkier and asymmetric nature of the NMeEt groups. With this such structure, 8 

could potentially adopt 5 structural isomers, where the Ethyl and Methyl groups attached to 

the bridging amide groups may position cis or trans across the Sn2N2 plane. Furthermore it can 

be assumed that the terminal amido groups (C-NMeEt) forms a non-rotational N-Sn bond due 

to steric restrictions in the structure and allows for two enantiomers where the N-Et or N-Me 

groups position in two discrete geometries (Figure 3.8). With this presumption the five 

structural isomers that can be formed from the transoidal [Sn(µ-NMeEt)(NMeEt)]2 compound 

can produce nine different tin(II) environments. In solution it can be assumed that these are 

in complete flux due to rotation around the terminal and bridging Sn-NMeEt bonds. However, 

the isomers are detected on the NMR time scale and nine resonance peaks are detected from 

119Sn NMR analysis of 8, with peak shifts in the region expected for a three co-ordinate tin(II) 

centre and close to that of  [Sn(µ-NMe2)(NMe2)]2 at δ = 122.73 ppm (Figure 3.8). It is also 

worth noting that compound 8 may also adopt the single bridge structure or the cis 
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arrangement, generating an even further number of structural isomers, which may be stable 

on the NMR time scale at lower temperatures.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to [Sn(µ-NMe2)(NMe2)]2, which is a pale orange solid, compound 8 exists as a liquid 

under standard conditions. These differences in physical properties may be determined by the 

large diversity of structural isomers 8 can adopts compared to [Sn(µ-NMe2)(NMe2)]2. The 

combination of possessing larger ethyl groups and the greater variations of possible isomers 

may lower the packing efficiency and increase the molecularity required for 8 to crystallise 

ultimately lowering its melting point.  

 

Figure 3.8: The three principle structural isomers of compound 8 and the five 
inequivalent stereoisomers (A-E) that the 

 [Sn(µ-NMeEt)(NMeEt)]2 dimer in the trans form could adopt in solution.  
As a result nine different tin (II) environments are identified. 
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3.2.3 Synthesis of a Sn(II) Bisthioureate from Tetrakis(ethylmethylamino)ditin(II) 

Compound 9 was synthesised from the insertion reaction of Tetrakis(ethylmethylamino) 

ditin(II) (compound 8) with four equivalents of phenyl thioisocyanates in a cooled THF solution 

(Scheme 3.8). Compound 9 could be isolated using the same work up procedures for the 

purification of 5, by dissolving the product in hexane, filtering through celite and recrystallizing 

at low temperature to produce a colourless crystalline product of 9 at high yields. 

 

 

 

 

 

 

Solution Analysis of Compound 9 

The 1H NMR of 9 consists of high-field triplet and quartet resonances at δ = 3.38 and 1.09 ppm, 

which correspond to 4 protons of the CH2 group and 6 protons of the CH3 groups of a single 

ethyl environment, respectively. A singlet peak at δ = 2.59 corresponds to 6 protons of a 

methyl groups. These peaks identify the proton on two equivalent NMeEt components. There 

are also three down field multiplet resonances at δ = 7.17-7.12, 6.92-6.87 and 6.78-6.76 ppm 

corresponding to the meta, para, and ortho positions on a single phenyl environment. The 13C 

NMR contains three high field carbon peaks at δ = 49.69, 39.14 and 12.36 ppm, representing 

the carbon atoms situated on the ethyl methyl amide (NMeEt) group. The downfield 

resonances at δ = 148.91, 130.22, 129.51 and 123.57 ppm represent the four inequivalent 

carbon environments on a phenyl group and the peak at δ = 176.44 corresponds to the carbon 

atom on the N(S)CN back bone of a single thioureate environment.  The 119Sn NMR present a 

single high field peak a -402.69 ppm corresponding to a single four coordinate Sn(II) system. 

From these data it can be assumed that compound 9 adopts the four coordinate bisthioureate 

Sn(II) complex similar to compounds 5-7 consisting of two equivalent bidentate thioureate 

ligands and a four coordinate tin (II) centre.  

Scheme 3.8:  Synthetic route to Compound 9 
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Structural Analysis of Compound 9 

The single crystal analysis of compound 9 consisted of an asymmetric unit (ASU) made up of 

two monomeric bisthioureate Sn(II) molecules, where difference arises from the subtle 

orientation of the ethyl group attached to the terminal amine (NMeEt). Apart from this feature 

the molecules are identical within experimental error. Structural examination will look closely 

at only one molecule contained in the ASU, as shown in Figure 3.9 is the crystal structure for 

compound 9 and key structural parameters can be found in Appendix A.A.2 and Table 3.3. 

 

 

 

 

 

 

 

 

 

 

Compound 9 is isostructural to the compound 5, but consists of an asymmetric terminal 

methyl ethyl amide (NMeEt), instead of the symmetric dimethyl amide (NMe2), at the back of 

the phenyl substituted thioureide ligands. The similar transoidal arrangement of the phenyl 

group causes the two ethyl groups to position transoidal to each other. Furthermore these 

ethyl groups are transoidal to the phenyls on each respective thioureate ligand, to minimise 

steric repulsions. Interestingly, one significant structural difference between 9 and 5 is that 

the dihedral angle between the S-C-N core and the C-NRR’ terminal amide is larger for 9 

indicating  that the bulkier ethyl group may impose some degree of steric strain to prevent a 

completely coplanar interaction between the S-C-N core and the C-NMeEt group (Table 3.4).  

 

Figure 3.9: Crystal structure of compound 9. 
ORTEP diagram (50% probability ellipsoids) 
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3.2.4 Comparative Summary of Tin(II) Thioureide Structures 

Table 3.4 presents a summary of the key bond lengths and angles for the Sn(II) Mono- and Bis-

thioureate structures presented so far. Some key structural trends can be observed from the 

series of systems. The steric bulk of the group attached the thioureate nitrogen [labelled 

N(11), in all figures] has a significant effect on the orientation and bonding of the adjacent 

NMe2/NMeEt groups, such that for sterically encumbered thioureates, with tButyl-

/Adamantyl-groups, the adjacent NR2 unit rotates about the Cipso-NR2 bond so that the 

dihedral angle between S(11)-C(11)-N(11) and C(1)-N(1)-C(1) is ≈ 90 o, see scheme 3.9. 

 

 

 

 

 

 

 

 

 
 

Concomitant with this rotation is a pyramidalization of the dialkyl amide nitrogen, indicative 

of a reduction in the π contribution of the terminal [NRR’] group to the delocalised bonding in 

the S=C=N unit. As a result, when there is a strong π contribution from terminal [NRR’] group 

(i.e. under sterically relaxed conditions) electron density is drawn towards the coordinating S 

and N atoms and the bond length between the Cipso-NRR’ is shorter, and appears to be 

between a single and double C-N bond (Scheme 3.10). 

 

 

 

 

 

 

 

 

Scheme 3.9:  Steric effects imposed by the bulkiness of the R-group attached to the 
coordinating nitrogen on the thioureide ligand. (Left) When R is a small functional group and 
(Right) is when R is a bulky functional group. 

 

Scheme 3.10: Illustration describing how the differences in the π contribution from the 
[NRR’] groups depends on it orientation. (Left) under minimal steric strain there is a large 
π contribution from the planar [NR2] group.  (Right) under greater steric strain the [NRR’] 
group is pyramidalized resulting in a minimal π contribution to the thioureate core reducing 
the delocalised interaction and ligand acts more like a monodentate isothioureate.  
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Furthermore in the sterically restricted systems the S-Sn bond length becomes shorter than 

the N-Sn bond and the ligand appears to coordinate predominantly through the sulfur atom.   

For example in the case of the less sterically restricted complex 1, the angle between NRR’ 

and S-C-N plane is 23.85 o, the C-NRR’ bond length is 1.353(6) Å, the Sn-S bond length is 

2.5980(13) Å, where as in sterically restricted complexes 2 and 3 the angles between NRR’ and 

S-C-N planes are 83.80 o and 85.68 o, respectively, the C-NRR’ bond lengths are 1.430(8) and 

1.435(6) Å, which are significantly larger and the Sn-S bond lengths are 2.5475(18) and 

2.5500(12) Å, which are shorter. The same effect can be seen in less sterically restricted 

complexes 5, 7 and 9 where respectively, the angles between planes are 14.97o, 19.56o and 

21.44o, the C-NRR’ bond lengths are 1.348(4), 1.351(3), and 1.347(4) Å, and the Sn-S bond 

lengths are 2.5952(9), 2.7390(7), and 2.5894(9) Å . Whereas in the structure of sterically 

restrict complex 6, the NRR’ and S-C-N dihedral angle is 83.63 o, the C-NRR’ bond length is 

longer and 1.433(3) Å, and the Sn-S bond is short and 2.5709(6) Å. 

 

  

 

3.3 Reaction of Sn (II) Bis-thioureides Complexes with Selenium Transfer 
Reagents 

 
 

To further explore the chemistry of the novel Sn(II) thioureate complexes isolated and 

characterised in this chapter, it was of interest see if the Sn(II) centre could under-go 

additional oxidative reactions. One particular reaction of interested would be to react a Sn(II) 

Compound 
(R-Group)[NRR’] 

∟ between 
NRR’ plane -  
S-C-N plane 

∑ of ∟ around 
N of  

N(S)C-NRR’  

Bond Lengths (Å) on the  
Thio-ureide Ligands 

C-NRR’ S-Sn N-Sn 

(1) (Phenyl) [NMe2] 23.85o 359.21o 1.353(6) 2.5980(13) 2.463(4) 

(2) (tButyl) [NMe2] 83.80o 332.63o 1.430(8) 2.5475(18) 2.573(6) 

(3) (Adam.) [NMe2] 85.68o 334.82o 1.435(6) 2.5500(12) 2.607(4) 

(5) bis(Phenyl) [NMe2] 14.97o 359.63o 1.348(4) 2.5952(9) 2.372(3) 

(6) bis(Adam.) [NMe2] 83.63o 334.03o 1.433(3) 2.5709(6) 2.3989(17) 

(7) bis(Allyl) [NMe2] 19.56o 358.31o 1.351(3) 2.7390(7) 2.190(2) 

(9) bis(Phenyl)[NMeEt] 21.44o 359.89o 1.347(4) 2.5894(9) 2.297(3) 

Table 3.4: Summary of the structural parameters for Sn (II) Mono-/Bis-thioureates 
(Compounds 1, 2, 3, 5, 6, 7, and 9). 
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thioureide complex with elemental chalcogens (O2, S8, Se or Te) or chalcogen transfer regents 

(i.e. styrene sulphide). It would be expected that these reactions would possibly lead to mixed 

Sn(IV) chalcogenide thioureide complexes.20-27 

3.3.1 Reactivity of Seleno-isocyanates as Selenium Transfer Reagents 

As part of on-going research, within the Johnson Research Group at Bath, it has been of 

interest to develop seleno- equivalents of the commercially available thioisocyanates. These 

investigations have included the synthesis and first structural characterisation of seleno-

isocyanates with different functional groups (R-N=C=Se, R: Cy-, tBut- or Ph).  Initial 

investigations have shown that selenoisocyanates can act as effective Se transfer reagents, 

presenting distinctive differences in reactivity compared to the corresponding thio- 

analogues.28 It was found that reacting Sn(II) bis-guanidinates with either mesityl- or tbutyl-

seleno-isocyanate resulted in the oxidative addition of a single selenium atom to form a 

terminal monomeric bisguanidinato Sn(IV) selenide complex, and a volatile isocyanide by-

product (Further details are presented in Chapter 6). Most interestingly, using elemental 

selenium (or sulphur) instead, produced monomeric bisguanidinato Sn(IV) tetra-cyclic 

selenide (or sulphide) systems, similar to those reported by M. K. Barman and S. Nembenna.29 

To explore this chemistry further J. Thompson also demonstrated in his master report that the 

reaction of tbutyl-selenoisocyantate with tin(II) bis(trimethylsilyl)amide, [Sn(HMDS)2], did not 

lead to an insertion reaction into the Sn(II) amide bond, but produced the bridged [Sn(µ-

Se)(HMDS)2]2 dimer.30 In this reaction the selenoisocyanate oxidised the Sn(II) to Sn(IV) instead 

of inserting into the Sn-N bond. It is believed that 

the C=Se double bond (234 kJ mol-1) in a seleno 

isocyanate is weaker compared to a typical C=S 

double bond (272 kJ mol-1) in a thio-isocyanate. For 

this reason seleno-isocyanates typically act as  

selenium transfer reagents when reacting with a 

Sn(II) complexes, whereas the thio-isocyanate 

undergo insertion reactions and the C=S bond does 

not dissociate.31  

 

Figure 3.10: Crystal structure of tbutyl-seleno-isocyanate. First 
determined by I. Ahmet, et al.28 
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Un-published reports have shown that in certain complexes, where the metal centre is not 

able to be further oxidised (i.e. Li+ or Zn2+), then the seleno-isocyanate is capable of under-

going an insertion reaction, similar to thio-isocyanates. Investigations show that addition of 2 

equivalent seleno-isocyanate to lithium dimethyl amide, leads to the formation of lithium 

seleno-ureates and the selenium is not transferred to the metal centre. 

To continues these investigations further, it was of interest to react compound 5, with 1 

equivalent of tButyl-seleno-isocyanate (selenium transfer reagent), in order to create a 

potentially mixed seleno-thioureide tin(IV) complex (Scheme 3.11). To successfully design, 

synthesise and isolate, such a system would generate a precursor that has the unique 

potential to deposit a mixed tin(IV) seleno-sulphide (SnSxSe2-x) material.  

 

 

 

 

 

 

 

 
The addition of a THF solution of tButyl-seleno-isocyanate to a solution of compound 5 [(BisN-

Phenyl-N’,N’dimethyl-thioureide-tin(II)] at room temperature resulted in an instantaneous 

colour change from colourless to dark red. The product was isolated by removal of THF solvent 

and the volatile tbutyl- isocyanide by-product in vacuo. The resultant powders were then 

dissolved in hexane, filtered through celite, cooled to -20oC, and allowed to recrystallize. Large 

yellow crystals of Compound 10 were then isolated from the solution.  

3.3.2 Solution Analysis of Compound 10 

The 1H NMR of compound 10 consisted of one singlet peak at δ = 2.46 ppm, with a peak 

integral of 24 H, which this represents the four terminal NMe2 groups of the four equivalent 

thioureate ligands. The downfield resonances consist of three broad peaks at δ = 6.90, 6.77-

Scheme 3.11:  Oxidative addition of selenium to compound 5, via the use of a selenium 
transfer reagent (tButyl-seleno-isocyanate).  
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6.72 and 6.56-6.53 ppm and representative of the meta, ortho and para protons on four 

equivalent phenyl groups attached to the thioureate ligands. The 13C NMR consisted of one 

up-field chemical shift assigned to the carbons positioned on the NMe2 groups at δ = 43.36 

ppm and four downfield peaks at δ = 129.49, 123.87, 122.02 and 53.54 ppm corresponding to 

the four inequivalent carbon nuclei on the phenyl groups. The resonance for the ipso carbon 

situated on the thioureate ligands is located at δ = 144.29 ppm, which is up field compared to 

the equivalent 13Cipso shift in 5 at δ = 177.39 ppm.  

The 119Sn [1H] spectrum of 10, consisted of one broad peak at δ -403 ppm, which is consistent 

with each tin(IV) nucleus existing in equivalent chemical environments, although there are no 

satallites observed in the spectra corresponding to 119Sn-77Se coupling. This 119Sn chemical 

shift is comparable to similar structures reported, such as the bridged dimeric bis[bis( 

trimethylsilyl)amido] tin (IV) cyclic selenide [Sn[N(SiMe3)2](µ-Se)]2 complex reported by P.B. 

Hitchcock et al. where a 119Sn peak was observed at  -382.6 ppm.27 Unexpectedly though, the 

119Sn peak for 5 at δ -411 ppm is up-field compared to the 119Sn peak observed for 10. It would 

be assumed that the increased oxidation state of Sn(II) to Sn(IV) coupled with an increased 

coordination number would shift the resonance peaks further up-field for compound 10, 

which is not the case. By comparison Y. Zhou and D. S. Richeson reported the 119Sn NMR 

resonance for the monomeric Sn(II) bis-amidinate [[CyNC(Me)-NCy]2Sn] complex to be -272.0 

ppm and upon oxidation with a sulphur transfer reagent (propylene sulphide) to form the 

dimeric Sn(IV) complex [[CyNC(Me)NCy]2Sn- (µ-S)]2 the 119Sn resonance shifted up-field to -

484.4 ppm.20 This may simply be explained by the high field environment exhibited by 

compound 5 that already existed prior oxidation to 10. Unfortunately, there were no peaks 

observed from 77Se [1H] NMR analysis, across a spectral range of +1500 to – 1500 ppm. This 

can be due to the low natural abundance of 77Se, coupled with the large spectral range for 

77Se NMR analysis. 

3.3.3 Solid State Analysis of Compound 10 

The crystals of compound 10 were examined using single crystal X-ray diffraction analysis. The 

appropriate crystallographic details of 10 are presented in Appendix A Section A.A.2 and the 

key bond lengths and angles can be found in Table 3.5. Figure 3.11 Illustrates the molecular 

structure and atom labelling scheme for compound 10.  [[Sn[PhN(S)NMe2]2]2(µ-Se)2] (10) 

exists as a dimer where the core consists of a bridging four-membered ring of alternating tin 
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and selenium atoms (Sn2Se2), which is planar by symmetry.  The interatomic Se-Sn length is 

2.5628(7) Å, the Sn-Sn distance 3.538 (6) Å and angles at Sn(1)-Se(2)-Sn(1)i and Se(2)-Sn(1)-

Se(2)i are 86.21and 93.29 o, respectively. These are comparable to those reported by J. 

Schneider et al. consisting of Se-Sn (~2.558 Å), Sn-Sn (3.516 Å), Sn-Se-Sn* (86.6o) and Se-Sn-

Se (93.4o) for the molecular structure of [[[(CH3)3Si]2(CH)]2SnSe]2.23  

 

 

 

 

 

 

 

 

 

 

Two chelating isobidentate thioureates ligands are attached to each tin atom, bonding via the 

к2 N, S motif, as observed in compounds 1-7 and 9, where the nitrogen co-ordination is 

provided by the substituted amido N-Phenyl donor. This results in a two six coordinate 

distorted pseudo-octahedral Sn(IV) centres where the thioureide chelate bridges across the 

axial and equatorial positions, where S(4) and N(5) atoms are axial and S(3) and N(9) are 

equatorial.  The two N-Sn and S-Sn bonds are cis to each other where the angle between N-

Sn-N and S-Sn-S are both ~90o. Compared to 5 where the phenyl group of the adjacent 

thioureide ligands are positioned transoidal to each other, in 10 they are cisoidal. The 

geometric relationship between the two 6 coordinate Sn(IV) centres based on an inversion 

point, centred between the two dimers, thus the two opposing thioureates are transoidal to 

each other. Effectively both Sn(IV) centres fulfil each Δ and  Λ stereoisomers of a six co-

Figure 3.11: Crystal structure of compound 10. Hydrogen atoms removed for clarity. 
ORTEP diagram (50% probability ellipsoids). Excluding four THF molecules. 
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ordinate octahedral complex with three bidentate ligands. The dihedral angle between the 

NCS plane and C-NMe2 plane on both the thio ureate ligands is roughly 13.9o and 19.3o and 

the ipsoC-NMe2 bond lengths are C(10)–N(6) 1.346(7) Å and C(35)–N(1) 1.337(7), which 

correspond to an average partial C≈N double bond length (1.32 Å). These structural parameter 

provide evidence for the delocalised π interaction between the terminal NMe2 amides and the 

N-C(S)-N core. 

The values of interatomic N–Sn and S-Sn distances are elongated on the equatorial positions, 

N(5)-Sn(1) 2.253(4) Å and S(4)-Sn(1) 2.6372(18) Å compared to the axial, N(9)-Sn(1) 2.193(4) 

Å and S(3)-Sn(1) 2.5493(17) Å,  although all bonds corresponded to covalent interactions. The 

lengthening in the equatorial position can be due to the competing interaction of the 

equatorial Sn-Se bonds. Resultantly the C ipso–Sn distance differ for the two thio ureate 

ligands either being 2.797 Å [C(10)-Sn(1)] when the S is axial and N is equatorial and 2.824 Å 

[C(35-Sn(1)] when the S is equatorial and N is axial.   

 

 

Selected Bond Lengths (Å) Selected Angles (o) 

Compound 10  10 

Bond   Angle  
Sn(1)-Se(2) 2.5628(7) Se(2)-Sn(1)-Se(2)i 93.29(3) 

Sn(1)-Se(2)i 2.5743(8) Sn(1)-Se(2)-Sn(1)i 86.71(3) 

Sn(1)-N(9) 2.193(4) N(5)-Sn(1)-S(3) 65.18(12) 

Sn(1)-N(5) 2.253(4) S(3)-Sn(1)-Se(2) 101.49(4) 

Sn(1)-S(4) 2.6372(18) N(5)-Sn(1)-S(4) 82.58(13) 

Sn(1)-S(3) 2.5493(17) Se(2)i-Sn(1)-S(4) 163.22(4) 

C(10)-N(5) 1.336(7) N(6)-C(10)-S(3) 120.4(4) 

C(10)-S(3) 1.743(6) N(5)-C(10)-S(3) 114.5(5) 

C(10)-N(6) 1.346(7) N(5)-C(10)-N(6) 125.1(5) 

N(6)-C(31) 1.469(7) C(32)-N(6)-C(31) 116.7(5) 

N(5)-C(5) 1.411(5) C(10)-N(5)-Sn(1) 100.5(4) 

C(35)-N(11) 1.337(7) C(10)-N(5)-C(5) 127.4(5) 

Table 3.5: Selected bond distances (Å) and angles (°) for (10). 
 



I. Y. Ahmet 
 

- 170 - 
 

 

3.4 Extended Study on the Insertion Reactions of Phenyl-isocyanates and 
Sn(II)/(IV) Amides 

3.4.1 Mono-insertion of Phenyl Isocyanate with Sn(II) Dimethylamide 

Previous work within the group had already investigated the insertion chemistry of 4 

equivalent tButyl-, Cyclohexyl- or Mesityl- isocyanates into the Sn(II) bis-dimethylamide dimer 

to form Sn(II) bisureide complexes.32 These systems were found to be highly selective 

precursors for the deposition of SnO.2 It was of further interest to carry on these investigations 

and make attempts to synthesise the equivalent mono-ureide complexes, similar to the 

monothioureide S(II) systems, 1,2 and 3, discussed previously in this chapter. 

 

 

 

 

 

 

 

 
Interestingly, all attempts to synthesise the dimeric mono-ureide mono-amide Sn(II) 

complexes (*)  were unsuccessful. The addition of either 1, 2 or 3 equivalent phenyl isocyanate 

to [Sn(µ-NMe2)(NMe2)]2 resulted in the isolation of crystals consisting of a dimeric tri-ureide 

mono-amido bis-tin(II) system [Sn(µ-[NMe2][PhN(O)NMe2])(PhN(O)NMe2)2], compound 11 

(See Scheme 3.12). Both structural characterisation via single crystal X-ray diffraction analysis 

and solution analysis via multinuclear NMR of the crystalline products confirms the isolated 

products, compound 11, adopts this structure.  

It is assumed that the dimeric mono-ureide mono-amide Sn(II) complexes is further stabilised 

by the third insertion with phenyl isocyanate. This occurs due to dynamic nature of the 

Scheme 3.12: Major reaction product evolved from the insertion reaction of either 1, 
2, or 3 equivalent phenyl isocyanate with tin (II) dimethyl amide. 
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insertion chemistry of the phenyl isocyanates in solution. It may be possible to isolate the 

dimeric mono-ureide mono-amide Sn(II)  species by other synthetic approaches, such as 

metastasis or protonolysis of Sn(II) amides with phenyl substituted urea. Although these 

reactions were not carried out in the current study. 

3.4.2 Solution Analysis of Compound 11 

The 1H NMR spectra consisted of one broad singlet peak at δ = 2.60-2.45 ppm and the peak 

integral consisting of 24 proton. These correspond to overlapping singlet peaks associated to 

four NMe2 groups where two are on the terminal ureides and two on the bridged ureide or 

amide group. In addition three down field multiplets are detected at δ = 6.84-6.79, 6.96-6.94 

and 7.13-7.08 ppm representative of para, meta and ortho protons on the phenyl groups. The 

13C NMR consisted of two down field shifts at δ = 165.18 and 147.67 ppm corresponding to 

the ipsoCarbon nuclei situated on two ureide ligands in different environments. The 119Sn NMR 

spectrum consisted of two up-field peaks at δ= -217.25 and -200.2 ppm. The position of the 

two observed 119Sn NMR resonance peaks indicate that on the NMR time scale the bridging 

ureide ligand does not undergo a rapid exchange in solution between N and O coordination, 

which would result in two equivalent tin(II) environments rather than the two inequivalent 

that are observed. Furthermore, the shift in the position of the two peaks are relatively close 

which gives an indication that the complex remains as a dimer in solution and does not 

dissociate into one mono-ureide and one bis-ureide system, which would two distinctly 

different 119Sn NMR peaks.  

3.4.3 Structural Analysis of Compound 11 

The structure of compound 11, obtained from single crystal X-ray analysis is shown in Figure 

3.10 and the crystal refinement data and list of selected bond lengths and positions can be 

found in Table 3.6 and Appendix A Section A.A.2. The structure of 11 consists of a dimeric 

complex, where the two tin(II) centres are bridged by a two coordinate dimethyl amide and a 

bidentate ureide, that coordinates through the к2 N, O motif. Surrounding the bridged core 

are two bidentate terminal ureide ligands per Sn(II)  centre. All the ureide ligands are cisoidal 

to each other with respect to the phenyl substituent in the most sterically relaxed 

conformation.  The Sn-N and Sn-O bond lengths of the bridged and terminal ureides are 

equivalent within experimental error and range from 2.199-2.237 Å for Sn-N and 2.233-2.402 

Å for Sn-O. Interesting the bridging Sn-NMe2 bonds are isometric by experimental error where 
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one bond length is 2.198 Å and the other 2.270 Å. These bond lengths are comparable to the 

Sn-N bond lengths of the bridged amides in the structure of compounds 1 (2.205 and 2.381 

Å), 2  (2.207 and 2.371 Å), and 3  (2.225 and 2.347 Å)  and in those bonds found in [Sn(m-

NMe2)(NMe2)]2  (2.266 and 2.265 Å).9    

 

 
There are not any available structures by which a hetero allene has inserted into three out of 

the four bonds of [Sn(µ-NMe2)(NMe2)]2  to form a bridged dimeric complex,  thus a sufficient 

structural comparison for 11 is limited. The isolation of this compounds gives insight into the 

mechanism by which these insertion reactions precede and one can assume for a sterically 

relaxed system the dimer dissociation is only accomplished when the final isocyanate inserts 

into the fourth Sn-N(Me2) bond, where compound 11 represents the penultimate step before 

the complex dissociates into a Sn(II) bis-ureide monomer.  

Selected Bond Lengths (Å) Selected Angles (o) 

Compound 11  11 

Bond   Angle  
Sn(1)-N(4)  2.197(3) N(4)-Sn(1)-N(11) 96.11(11) 

Sn(1)-N(11)  2.198(3) N(4)-Sn(1)-O(22) 86.41(9) 

Sn(1)-O(22)  2.232(2) N(11)-Sn(1)-O(22) 84.73(10) 

Sn(1)-O(11)  2.402(2) N(4)-Sn(1)-O(11) 83.43(9) 

N(1)-C(11)  1.355(5) N(11)-Sn(1)-O(11) 57.35(10) 

N(1)-C(2)  1.441(5) O(22)-Sn(1)-O(11) 139.13(9) 

N(1)-C(1)  1.461(4) C(11)-N(1)-C(2) 125.4(3) 

Sn(2)-N(31)  2.230(3) C(11)-N(1)-C(1) 118.5(3) 

Sn(2)-N(22)  2.236(3) C(2)-N(1)-C(1) 115.6(3) 

Sn(2)-N(4)  2.271(3) N(31)-Sn(2)-N(22) 83.79(11) 

Sn(2)-O(31)  2.362(3) N(31)-Sn(2)-N(4) 114.54(11) 

N(2)-C(22)  1.351(5) N(22)-Sn(2)-N(4) 86.10(10) 

N(2)-C(3)  1.457(4) N(31)-Sn(2)-O(31) 56.40(10) 

N(2)-C(4)  1.468(4) N(22)-Sn(2)-O(31) 122.87(10) 

N(3)-C(31)  1.354(5) N(4)-Sn(2)-O(31) 77.48(10) 

N(3)-C(5)  1.438(6) C(22)-N(2)-C(3) 120.1(3) 

Table 3.6: Selected bond distances (Å) and angles (°) for (11). 
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3.4.4 Tetra insertion of Phenyl Isocyanate with Tetrakis(dimethylamido)tin(IV) 

Interestingly, the first reported metal ureates and thioureates were synthesised from the 

insertion reaction with N-phenyl-isocyanate  or with N-phenyl-/ N-methyl- thioisocyanates 

into the M-N bond of group 4a metal (IV) amides Ti(NMe2)4, Zr(NMe2)4 and Hf(NMe2)4. These 

reactions either produced complexes with the tetra ureide adduct M[NPh(CO)NMe2]4 (M = Ti, 

Zr or Hf) or complexes with the tetra thio ureide adduct M[NR(CS)NMe2]4 (M= Ti or Zr, R= Me 

or Ph). However, these studies were not carried out on the analogous group 4b metal (IV) 

amide systems, such as tetrakis(dimethylamido)tin(IV).1 Subsequently, it was of interest to 

begin these investigations, firstly looking at insertion reactions with phenyl-isocyanates, then 

with further intentions to explore reactions with thio-isocyanates.  

Compound 12 was synthesised by the addition of 4 equivalent phenyl isocyanates to a cooled 

THF solution consisting of Tetrakis(dimethylamido)tin(IV). The product was isolated by 

removal of THF to produce a white powder. This was treated with hexane, filtered and allowed 

recrystallize at room temperature to form large colourless cubic crystals of compound 12.  

 

  

Figure 3.12: Crystal structure of compound 11. Hydrogen atoms removed for clarity. 
ORTEP diagram (50% probability ellipsoids).  

 
 



I. Y. Ahmet 
 

- 174 - 
 

 

 

 

 

 

 

 

 

 

Solution analysis of compound 12 

The 1H NMR of 12 consists of a singlet peak at δ = 2.43 ppm corresponding to the four 

equivalent non coordinating NMe2 groups on the back bone of the tetra ureide ligands. There 

are two down field multiplets at δ = 7.39 - 7.53 and 6.93 - 7.25 ppm respectively corresponding 

to the para and ortho/meta protons situated on the phenyl groups. 

The 13C NMR presents six carbon resonance at δ = 38.93, 120.04, 122.25, 126.04, 128.31 and 

146.79 ppm corresponding to the carbon nuclei on the NMe2 and phenyl groups and the 

ipsocarbon nuclei situated at the core of the four ureide ligands, respectively. There was no 

119Sn NMR peak detected in the spectral range of 800 to -450 ppm. 

Structural analysis of compound 12 

The structure of compound 12, obtained from single crystal X-ray analysis is shown in Figure 

3.13 and the crystal refinement data and list of selected bond lengths and positions can be 

found in Table 3.7 and Appendix A Section A.A.2. In the solid state the molecular structure of 

compound 12 consists of a octoco-ordinate Sn(IV) centre surrounded by four isobidentate 

ureide ligands co-ordinating via the к2 N, O motif, where the coordinating N consists of the 

phenyl substituted nitrogen atom and not the terminal tertiary amide (C-NMe2). All Sn-O and 

Sn-N bond lengths are effectively equivalent (by experimental error) for all the surrounding 

ureide ligands, where Sn(1)-N(8) = 2.165Å, Sn(1)-O(13) = 2.277Å, Sn(1)- N(20) = 2.165 Å and 

Sn(1)-O(25) = 2.293 Å.  

  

Scheme 3.13: Reaction mechanism for the formation of Sn(IV) tetra ureide complex 
(Compound 12). 
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The average terminal C-N bond on the NMe2 group is 1.351 Å and the C-N and C-O bonds 

adjacent to the Sn(IV) atom are 1.344 Å and 1.271 Å respectively. These length are distinctively 

shorter than what is expected for a C-N (1.47 Å) and C-O (1.43 Å) single bond and larger than 

a C=N (1.25 Å) and C=O (1.21 Å) double bond and correspond to partial double bonds 

surrounding the N(O)C-N core, caused by the delocalised π interactions. This delocalised 

interaction is extended to the NMe2 group, where the average dihedral angle between the 

plane of the terminal amide (NMe2) groups and plane of the N(O)CN core being ~16o.  

As a result the average distance between coordinating O and N atoms is 2.201 Å, which is 

much closer than the sum of their Van der Waals radii would normally permit (c.a.  3.04 Å). 

Furthermore the distance between the co-donating atoms not attached to the same ligand 

form much larger average distances of 3.016 Å. Therefore the eight coordinating nitrogen and 

oxygen atoms can be arranged in the dodecahedral manner shown in Figure 3.13 (right), 

where the lengths of the edge of the dodecahedra, consist of four shortened distances caused 

by the fixed geometry of the bidentate ligands. Interestingly the same dodecahedral 

environments has been reported previously in the crystal structure of anhydrous tin(IV) 

nitrate [Sn(NO3)4], 33 group 4a/b metal (IV) tetrakis(N,N′-dialkylamidinates)34 and a Sn(IV) tetra 

dithiocarbamate [Sn(S2CN(CH2)4)4]  isolated by N. Seth et al.35 When the coordinating atoms 

are arranged in four close together pairs, it has been determined that the unique 

Figure 3.13: (left) Crystal structure of compound 12. Hydrogen atoms removed for clarity. 
ORTEP diagram (50% probability ellipsoids). (right) Dodecahedron surrounding the Sn(IV) 
centre formed from the octaco-ordination of the four bidentate ureides. Distances between 
atoms of a chelating ureide (red) or neighbouring atoms (blue) are illustrated. 
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dodecahedral arrangement is preferential. This geometry reduces ligand-ligand repulsions 

much more effectively compared to other eight coordinate geometries, such as the square 

antiprism.33  The dodecahedral arrangement also permits the phenyl groups of the ureides to 

be arranged cisoidal to each other which is less sterically restrictive. The average of the 

dihedral angles between adjacent Sn-N(O)-C-N planes is 89.7o where none of the ureide 

ligands present any irregularities or distortion in the molecular orientation, thus forming a 

highly symmetric co-ordination environment surrounding the tin centre. 

 

 

Interestingly both ureide complexes 11 and 12 do not consist of the anisobidencity found from 

the bis-tButyl-ureide Sn(II) complex reported by T. Wildsmith et al., which  adopts the 

contrasting к2 -N,N’ and к2 -N,O coordination modes in solution and in the solid state.2 This 

may be due to the greater steric restrictions imposed by the tButyl groups in the previously 

reported bis-tButyl-ureide Sn(II) complex compared to the less sterically restricting Phenyl- 

groups found in 11 and 12.   

Selected Bond Lengths (Å) Selected Angles (o) 

Compound 12  12 

Bond   Angle  
Sn(1)-Se(2) 2.5628(7) Se(2)-Sn(1)-Se(2)i 93.29(3) 

Sn(1)-Se(2)i 2.5743(8) Sn(1)-Se(2)-Sn(1)i 86.71(3) 

Sn(1)-N(9) 2.193(4) N(5)-Sn(1)-S(3) 65.18(12) 

Sn(1)-N(5) 2.253(4) S(3)-Sn(1)-Se(2) 101.49(4) 

Sn(1)-S(4) 2.6372(18) N(5)-Sn(1)-S(4) 82.58(13) 

Sn(1)-S(3) 2.5493(17) Se(2)i-Sn(1)-S(4) 163.22(4) 

C(10)-N(5) 1.336(7) N(6)-C(10)-S(3) 120.4(4) 

C(10)-S(3) 1.743(6) N(5)-C(10)-S(3) 114.5(5) 

C(10)-N(6) 1.346(7) N(5)-C(10)-N(6) 125.1(5) 

N(6)-C(31) 1.469(7) C(32)-N(6)-C(31) 116.7(5) 

N(5)-C(5) 1.411(5) C(10)-N(5)-Sn(1) 100.5(4) 

C(35)-N(11) 1.337(7) C(10)-N(5)-C(5) 127.4(5) 

Table 3.7: Selected bond distances (Å) and angles (°) for (12). 
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3.5 Thermal Analysis of the Novel Tin (II/IV) Thio-ureide and Ureide Systems 
and their Viability as CVD Precursor  

One principle objective of this project is to design new molecular precursors to use in AA-CVD 

for the deposition of tin chalcogenides. Both thermal gravimetric analysis (TGA) and melting 

point/ decomposition point analysis were performed on compounds 1-2, 5-7, and 9-11 to 

study their decomposition patterns in an attempt to ascertain their potentials as single-source 

precursors. These techniques offer an indication of the decomposition products, the volatility 

of products and the rate of the precursor decomposition reactions in the CVD process. TGA 

also provides an insight into the temperatures required for deposition.  

(All TGA’s conducted in this section were performed under N2 atmospheres) 

 

 

 
Table 3.8 reveals that all the thioureide and ureide complexes are thermally stable under 

standard conditions, but also decompose at relatively low temperatures with instantaneous 

colour changes upon decomposition. Compounds 9 and 11 could potentially act as liquid 

precursors at elevated temperatures, since these systems have a large temperature 

differences between their melting point and decomposition temperature. It is worth noting 

Compound No. Melting Point (oC) Decomp.Temp. (oC) Description  

1 - 155 
Transition from a white solid 

to a black solid. 

2 94 100 
Transition from a colourless 

liquid to a black solid. 

5 108 115 
Transition from a colourless 

liquid to a yellow solid. 

6 144 147 
Transition from a colourless 

liquid to a yellow solid. 

7 - 101 
Transition from a colourless 

liquid to a brown solid. 

9 82 205 
Transition from a yellow 

liquid to a black solid. 

10 223 242 
Transition from a yellow 
liquid to a dark red solid. 

11 115 150 
Transition from a colourless 

liquid to a orange solid. 

Table 3.8:  Table of melting points, decomposition temperatures and a description of what 
is observed upon decomposition. All measurements were recorded under inert N2 

atmosphere. 
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that compounds 2 and 7 decompose at the lowest temperatures, but would also gradually 

decomposed at room temperature over a period of one week. However when stored at -20oC 

they remained stable. The distinct colour changes upon decomposition present the initial 

evidence of the likely materials being formed. It can be speculated that the ‘black’ products 

are consistent with SnS, the ‘yellow’ being SnS2 and ‘orange’ SnO. Although no assumptions 

can be made from the ‘dark red’ decomposition product from compound 10.  

3.5.1 TGA of Tin(II) Mono-thioureides, Compounds 1 and 2 

Figure 3.14 presents the TGA traces for the two Sn(II) monothioureide compounds, 1 and 2, 

and tabulated data shown in Table 3.9. Both 1 and 2 present rapid single thermal 

decomposition steps in their profiles, but each system undergo decomposition at distinctly 

different temperatures. Compound 1, consisting of the phenyl substituted complex, has an 

initial small and gradual mass loss (~2.5 %) from 50 to 150 oC, corresponding to the 

evaporation of residue solvent. The decomposition onset temperature for 1 is at 270 oC, this 

decomposition event reaches a maximum derivative at 308 oC and terminates at 350 oC, with 

a stable residue mass of ~44.2 %. Although for 1 there appears to be a two-step process in the 

mass loss events, where there is an initial rapid mass loss event followed by a greater one, but 

this stuttering appearance in the decomposition profile resembles the experimental error 

imposed by the slow removal of volatile by-products from the sample pan pin hole, and the 

apparent two step mass loss event is truly a single step.   

 

 

 

 

 

 

 

 
Figure 3.14: (L.H.S.) TGA traces of the thermal decomposition of complexes 1 and 2. 
(R.H.S.)  Provided are the first derivative TGA curves. The dotted lines are the estimated 
mass % of SnS from 1 and 2. 
 

(1) 
(2) 
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Interestingly, compound 2, consisting of the tButyl substituted complex, decomposes at a 

much lower temperature compared to 1. The onset of the rapid decomposition event for 2 

exists at 170 oC, this decomposition event reaches a maximum derivative at 198 oC and 

terminates at 215 oC, with a stable residue mass % at ~47.4%.   

 

 
 The final mass %’s correspond to the formation of tin monosulphide (SnS) for both TGA’s of 1 

and 2. In both cases the post TGA inspection of the samples, consisted of solid black granules. 

Although these data showed that the complexes 1 and 2 were not particularly volatile, the 

decomposition by-products/ ligands were shown to volatilise at elevated temperatures. These 

data present compounds 1 and 2 as potential AA-CVD precursor candidates for the selective 

deposition of SnS at two distinct decomposition temperatures. 

3.5.2 TGA of Tin(II) Bis-thioureides, Compounds 5-7 and 9 

The tabulated data shown in Table 3.10 and Figures 3.15 and 3.16 present the TGA traces for 

Sn(II) bisthioureide compounds, 5, 6, 7, and 9.  It is of initial interest to compare the thermal 

decomposition of the two bis-phenyl substituted thioureide Sn(II) complexes, 5 and 9, since 

their structural differences are only within the symmetric (5) and asymmetric (9) nature of the 

NMe2 or NMeEt terminal amide groups on the thioureide ligands. Compound 5 appears to 

undergo a two-step thermal decomposition process leading to two products. The onset of the 

first decomposition step begins at 204 oC where the maximum rate of mass loss occurs at 245 

oC and this event terminates at 300 oC resulting in a residue mass percentage of 42% which 

then continues to decrease at a much slower rate. Interestingly the expected mass of SnS2 and 

SnS from 5 is 38.3% and 31.6%, respectively. The residue mass after the 1st decomposition 

step is close what is expected for SnS2 as the temperature increases >350 oC a 2nd 

decomposition step causes the residual mass to approach what is expected for SnS. It is likely 

that the second step represents the thermal decomposition of SnS2 to SnS, as is known and 

expected from this material. 

Compound No. Onset (oC) 
Maximum 
Derivative 
Point (oC) 

End Point.  
(oC) 

Final Mass % 
Mass % 

Expected 
for SnS 

1 270 308 314 44.2 44.1 

2 170 198 215 47.4 46.8 

Table 3.9:  Summary of TGA data for 1 and 2. 
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Compound 9 appears to have a higher thermal stability to 5 and under goes a single thermal 

decomposition step where the onset is at 252 oC where the maximum rate of mass loss is at 

295 oC. The 1st thermal decomposition event in 9 is not as sudden as in 5, there is a gradual 

and continuous mass loss which begins to plateau at 476 oC and approaches a final mass 

percentage of 37.2%, which is close to the expect mass of SnS2 (36.2%). It is interesting that 

the slight structural differences between 5 and 9 has a profound effect on their thermal 

stability. 

 

 

 

 

 

 

 

 

 

 

 

 

Compound No. Onset (oC) 
Maximum 
Derivative 
Point (oC) 

End Point.  
(oC) 

Final Mass 
% 

Mass % Expected 
for  

[SnS]/ [SnS2] 

5 
1st : 204 
2nd : 350 

1st : 245 
2nd : 420 

1st :300 
2nd : 460 

1st : 42.0 
2nd : 30.1 

[SnS2] : 38.3 
[SnS] : 31.6 

6 1st : 218 1st : 290 1st :332 1st : 34.8 
[SnS2] : 30.8 
[SnS] : 25.4 

7 
1st :155 
2nd : 220 

1st : 198 
2nd : 256 

1st :210 
2nd : 450 

1st : 71.3 
2nd : 50.1 

[SnS2] : 45.1 
[SnS] : 37.2 

9 1st : 252 1st : 295 1st :476 1st : 37.2 
[SnS2] : 36.2 
[SnS] : 29.8 

Figure 3.15: (L.H.S.) TGA traces of the thermal decomposition of complexes 5 and 9. (R.H.S.) 
Provided are the first derivative TGA curves. The dotted lines are the estimated mass % of 
SnS or SnS2 from 5 and 9. 
 

(5) 
(9) 

Table 3.10:  Summary of TGA data for 5, 6, 7, and 9. Data for the 1st and 2nd mass loss 
events are presented 
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Interestingly, Figure 3.16 compares the TGA traces of 6 and 7. Compound 6 undergoes a single 

thermal decomposition event with an onset at 218 oC with a maximum mass loss at 290 oC 

and residue mass % plateau reached at 332 oC. The final mass percentage is 34.8% and is 4% 

higher than what is expected for SnS2 and may be result of the residue by-product formed 

from the bulky high mass adamantyl substituted ligands not being considerably volatile. On 

the other hand the TGA of 7 consists of three is distinct mass loss events: the first is a small 

decrease in the mass % of ~ 7% across 120-160 oC, which can be associated with the 

evaporation of solvent. The second most abrupt thermal event onsets at 155 oC reaching a 

sharp mass loss maximum at 198 oC with an overall mass loss of ~25%. The second thermal 

event onsets at 220 oC and gradually decreases to a final mass percentage of 50.1% at 450 oC. 

This slow loss in mass approaches the mass percentage expected for the formation of SnS2. 

For a CVD precursor the rapid single step thermal gravimetric profile of the adamantyl 

substituted system, compound 6, is much more desirable than the multistep gradual 

processes observed in the allyl substituted system, compound 7, the slow decomposition 

process can lead to a number of products that may contaminate the films. The single step 

process will either generate the target material or remain as the precursor, and is therefore 

less likely to form undesirable intermediates.  

(6) 

(7) 

Figure 3.16: (L.H.S.) TGA traces of the thermal decomposition of complexes 6 and 7. (R.H.S.) 
Provided are the first derivative TGA curves. The dotted lines are the estimated mass % of 
SnS2 from 6 and 7. 
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In summary it is apparent that SnS2 is the initial product formed from the thermal 

decomposition of all the Sn(II) bisureide systems. This may be due to the existence of two 

thioureide ligands in these complexes, therefore they contain two sulphur atom per one tin 

centre. In this case, it appears that the elemental composition and tin to sulphur molar ratios 

in the complex determines the formation of tin sulphide phase. For the same reason, the Sn(II) 

monothioureide systems possess a tin to sulphur molar ratio of 1:1 and the TGA’s for these 

compounds  present a single decomposition event that leads to residue masses corresponding 

to SnS instead. Interestingly, the Sn(II) monothioureide complexes 1 and 2,  decompose at 

distinctively different temperatures; compound 2 decomposes low temperature (~198 oC) and 

compound 1 at high temperature (~308 oC), and it occurs as a result of a simple modification 

of substituents on the thioureide from a phenyl (1) to a tbutyl (2), respectively. 

3.5.3 TGA of Tin(IV) Bridged Seleno Bis-thioureide, Compound (10) 

The TGA trace for 10, in Figure 3.17, consists of an initial mass loss event around 100-200 oC, 

which has been allocated to the evaporation of residual solvent in the sample. The onset at 

220 oC constitutes to the main decomposition processes, which reaches a maximum rate 277 

oC and reaches an end point at 372 oC. 

There are a number of potential products formed from the thermal decomposition of 10 due 

to its mixed chalcogenide composition with molar ratios of selenium, sulphur and tin(IV) being 

1:2:1, respectively. The expected masses of either SnS, SnS2, SnSe, SnSe2, Sn(S,Se) and ½ 

Sn2(S,Se) from 10 have been calculated. [Other tin(II/IV) multi oxidisation state systems, such 

as Sn2E3 (E=S or Se), or non-integer compositions such as Sn(SxSey) may also be formed, 

however, these were not calculated for the purpose of simplicity]. 

After all thermal decomposition events the residue mass % of 10 is 39.5%, which closely 

corresponds to the expected mass %  of the mix tin(IV) seleno sulphide with a composition of 

SnSSe (41.3%). This data indicated that compound 10 is a particularly unique system that could 

potentially be used as an AA-CVD precursor to deposit a mixed tin seleno-sulphide material 

with defined tin, selenium and sulphur composition.  
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Compound No. Onset (oC) 
Maximum 
Derivative 
Point (oC) 

End Point.  
(oC) 

Final Mass 
% 

Mass % Expected 
for  

[Sn2(E,E’)]/ [SnE2] 

10 220 277 372 39.5 

[SnSe2] : 49.7 
[Sn(S,Se)] : 41.3 
[SnSe] : 35.6 
[SnS2] : 32.9 
[Sn2(S,Se)] : 31.3 
[SnS] : 27.1 

Figure 3.17: (L.H.S.) TGA traces of the thermal decomposition of complex 10. (R.H.S.) 
Provided is the first derivative TGA curve.  
 

(10) 

Table 3.9:  Summary of TGA data for 10, with the expected masses of different tin seleno 
sulfide materials. 
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Summary 
 
This chapter has presented the synthesis, the solution and structural characterisation of a 

series of novel tin(II) bis- thioureide and mono-thioureide complexes, a dimeric mixed tin(IV) 

selenobis-thioureide complex, a dimeric tin(II) tri-ureide system and a tin(IV) tetra-ureide 

complex. The thermal analysis of the tin (II) thioureide complexes indicated that the mono-

thioureide systems resulted in the formation of SnS, whereas the bis-thioureide complexes 

preferentially formed SnS2. The pattern arises that the molar ratios of Sn:S in these tin(II) 

thioureide complexes can predetermine the resultant materials in which they thermally 

decompose to.  

It is clear that the introduction of the thioureide ligands presented in this chapter has opened 

new avenues for the design of molecular precursors targeting metal chalcogenide materials. 

The tin thioureide complexes discussed in this section could potential act as selective CVD 

precursors to either SnS or SnS2, as well as mixed chalcogenide systems such as SnSSe. In order 

to test these predictions, AA-CVD studies using the tin(II) mono-thioureide precursors have 

been carried out and the results are presented in Chapter 4.  
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A summary of all the reactions and products presented in this chapter can be seen in 

Scheme 3.14 below:   

Scheme 3.14 
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In Chapter 3 it was highlighted that the Sn(II) mono thioureide complexes, 1 and 2, produced 

TGA traces that indicate they decompose to residual masses corresponding to ‘SnS’ via a single 

decomposition step. In this chapter described are the efforts to evaluate the effectiveness of 

using 1 and 2 as single source precursors to selectively produce SnS thin films via AA-CVD. An 

extensive study of the SnS thin film samples produced from a series of AA-CVD experiments is 

presented.  It was identified that two polymorphs of SnS can be selectively deposited from 1 

depending on the substrate temperature. Thus, additional comparative characterisation of 

the SnS samples produced from precursor 1 were carried out including photoelectrochemical 

and external quantum efficiency (EQE) measurements. These were used to assess the 

optoelectronic properties of the two polymorphic types. The effects of different post 

deposition annealing treatment on the SnS films and how this can alter the phase purity and 

crystallinity of samples, has also been evaluated.  

4.1 AA-CVD Experiments using Compounds 1 and 2 
 
An initial set of AA-CVD experiments were carried out using 0.08 M toluene solutions of 1 and 

2 with 40 minute depositions onto glass, silicon, molybdenum or FTO substrates. The full range 

of parameters used in the initial and later deposition studies are shown in Table 4.1. 

Preliminary inspection of the deposited samples showed that black/grey reflective, highly 

adherent films could be grown by AACVD from both precursor 1 and 2. Significantly, precursor 

1 possessed a deposition window between 250 and 500 oC. However, it was later realised that 

growth rates at either extremes of the temperature range are significantly diminished, 

resulting in a practical deposition window of 300 and 450 oC. Precursor 2, on the other hand, 

has a practical deposition window shifted to comparatively lower temperatures, between 150 

and 300 oC. The differences in the deposition window for 1 and 2 correlates with their 

respective differences in thermal stabilities observed from TGA. Compound 1 has a higher 

thermal stability, with an onset of decomposition observed at 270 oC, compared to ~170 oC 

for compound 2.  

Chapter 4: Polymorph Selective Deposition of SnS from 
Tin(II) Mono-thiouriede Precursors 
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Significantly all films were well adhered to their respective substrate and could not be 

removed by Scotch tape.1 Interestingly the films deposited at 300 oC over 40 and 90 mins using 

precursor 1 appeared grey, highly reflective and produced a deep red colour in white light 

transmission.  Dissimilar, matt black colour and opaque films were deposited from 1 at furnace 

higher temperatures (350-500 oC) and from 2 at all deposition temperatures ranging from 150-

300 oC, see Figure 4.1.  

 

 

 

 

 

 

 

 

 

 

Variable  Value  

Precursor 1 2 

Solvent Toluene Toluene 

Concentration 0.08 M 0.08 M 

Reactor Temperatures  
250, 300*,  350, 375*, 400 

& 500 oC 

150*, 175, 200*, 250, 300 & 

350 oC 

Substrates Glass, Silicon, FTO and Moly Glass, Silicon, FTO and Moly 

Gas Flow Rate 3.0 L/min 3.0 L/min 

Deposition Time 40 mins (or 120 min)* 40 mins (or 120 min)* 

Table 4.1: Deposition parameters for AACVD experiments carried out with 1 and 2. 

 

Figure 4.1:  Photograph of films deposited from i) precursor 1 at 300 oC (A) or 375 oC (B) 
for 40 mins onto FTO substrates and ii) precursor 2 at 200 oC for 40 min onto a single glass 
substrate.  
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4.2 Thin film Characterisation 
4.2.1 Microscopy and Elemental Analysis 

SEM and EDS analysis was performed on the films deposited onto silicon substrates and the 

results from the elemental analysis are displayed in Table 4.2 and spectra can be found in 

Appendix A.C.3. While EDS analysis indicates that the films deposited from 1 possess O and C 

levels between 3.3-7.2% and between 4.1-7.3%, respectively, there appears to be no 

correlation between deposition temperatures. For the films deposited from 2 at lower 

temperatures also contain O and C levels between 0.23-4.56 % and 0.44 %-7.77 % respectively. 

In all samples irrespective of deposition temperature the Sn:S ratio is relatively consistent at 

around 1:0.95, corresponding to slightly sulphur deficient SnS films, where there is a slightly 

greater sulphur deficiency at higher deposition temperatures at 450 oC (1:0.87) from 1 and at 

300 oC (1:0.84) from 2. The deposition of sulphur deficient SnS films have been observed by 

many groups and it is possibly a consequence of the high volatility of sulphur at elevated 

temperatures or by the X-ray absorption from heavy tin atoms.2-6 

Although SEM micrographs of SnS films grown from precursor 1 onto Si substrates at 400 and 

350 °C for 40 min show crystallite growth, both films appear to have incomplete surface 

coverage.  

 

 

  
Temperature 

Sn:S 
(Atomic ratio) 

C (atm %) O (atm %) 

Precursor (1)    

300 oC (Cubic-SnS) 1:0.94 7.30 % 4.7 % 

350 oC 1:1.00 4.13 % 4.5 % 

375 oC 1:0.96 6.4 % 7.2 % 

400 oC 1:0.95 4.6 % 3.3 % 

450 oC 1:0.87 6.3 % 4.3 % 

Precursor (2)    

150  oC 0.99:1 2.30 % 0.23 % 

175  oC 1:0.97 1.23 % 1.45 % 

200  oC 1:0.99 0.44 % 2.30 % 

250  oC 1:0.97 3.33 % 2.50 % 

300  oC 1:0.84 7.77 % 4.56 % 

Table 4.2: Summary of the EDS elemental analysis for SnS films deposited onto Si 
substrates from precursors 1 and 2 with a deposition time of 40 mins. 
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The optimum deposition conditions, with respect to the formation of compact uniform films, 

was found to be at 375 °C, where micrographs of these films show the presence of large 

triangular grains (∼500 nm) with a uniform film thickness of 800 nm across the central ~10 cm 

region of the reactor. As is apparent from inspection of Figure 4.2, all of the thin films are 

highly crystalline and highly orientated block like crystals. In the case of thin films grown at 

375 °C, the crystallites grow up from the substrate from their smallest crystal dimension. 

Significantly, the morphology of the films deposited at 300 °C (40 min) differs considerably 

from those deposited at either 400, 375, or 350 °C, which consist of compact interpenetrating 

cube-like crystallites of relatively uniform size and dimension (500–600 nm), see Figure 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

300 oC (40 min) 375 oC (40 min) 

(a) 

(b) 

(c) (d) 

Figure 4.2: Samples deposited using precursor 1 (a) Cross-section micrographs of SnS 
films grown at 375 and 300 °C (40 min). (b) Top-down SEM micrographs of SnS thin films 
grown at 450, 400, 375, 350, and 300 °C, onto (100) silicon wafers. Low magnification 
SEM micrographs of SnS films grown at (c) 375 oC and (d) 300 oC. Inset (d) is a section of 
the film removed with a pin to observe the cubic like morphology of the cubic-SnS 
crystallites. (Scale bars = 500 nm.) 
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Atomic force microscopy (AFM) analysis of the films deposited at 375 and 300 °C (Figure 4.3 a 

and b), clearly shows a significant difference in the film roughness. Furthermore, these 

dissimilar topological features support the differences observed from the visual inspection of 

the two different samples.  

 

 

 

 

 

 

 

 

Clearly seen in the SEM micrograph, the SnS films deposited from 2 over a period of 40 mins, 

consist of highly orientated leaf like crystallites, which are distinctly different crystallite 

morphologies compared to those observed from the films deposited by 1. For a deposition 

time of 40 min only at a deposition temperature of 200 oC, the crystallites in the samples form 

compact films, with complete surface coverage of the substrate (Figure 4.4). It is therefore 

obvious that the deposition rate is optimal at 200 oC for precursor 2. Interestingly, if the 

deposition time is extended to 90 mins complete coverage of the substrate surface can be 

achieved at 150 oC, as well as, at 200 oC and the crystallite amalgamate appearing to form 

more compact leaf like structures which grow off the surface of each other (Figure 4.4 d-f). 

Furthermore, at 200 oC over 90 minutes the films reach an average thickness of ~ 800 nm. 

Large sheets of SnS with dispersed coverage are produced from 2 at ≥250 oC. The dispersed 

crystallite growth may possibly result from the low decomposition temperature of 2, causing  

an increased gas phase decomposition, rather than decomposition on the substrate surface. 

These SnS sheet like morphologies have also been observed in SnS films produced by AA-CVD 

from the dithiocarbamates single source precursors reported by O’Brien and co-workers.2 

Figure 4.3: AFM 3D surface plots of SnS films grown at (a) 375 and (b) 300 oC from precursor 
1 over 40 min and (c) films grown at 200 oC from precursor 2 over 90 min.  
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Figure 4.4: Samples deposited using precursor 2 (a) Cross-section micrographs of SnS 
films grown at 200 and 150 °C (40 min and 90 min). (b) Top-down SEM micrographs of 
SnS thin films grown at 300, 250, 200, 175, and 150 °C, respectively, onto (100) silicon 
wafers. Low magnification SEM micrographs of SnS films grown at (c-d) 200 oC and (e-f) 
150 oC. Inset (f) is a section of the film that had been cracked when cutting the samples. 
(Scale bars = 500 nm.) 

 

150 oC (90 min) 

150 oC (40 min) 200 oC (40 min) 

200 oC (90 min) 

(a) 

(b) 

(c) (e) 

(d) (f) 



An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for Applications in 
Energy Harvesting Devices 

 

- 195 - 

AFM analysis reveals that films deposited over 90 mins at 200 oC from precursor 2, were 

relatively smooth with a surface roughness of 13.3 nm (Rms) (Figure 4.3 c), these films have 

much smoother surface topology compared to the films produced by 1 at 375 oC.  

Using both the data from cross section SEM and the AFM film thickness measurements it is 

possible to determine the difference in average growth rates of SnS thin films deposited from 

precursors 1 and 2 under different deposition conditions. The film thickness are taken from 5 

points in a central 10 cm region of the reactor where the deposition rate is maximum (see 

Chapter 1 Section 1.6.1). From samples deposited from precursor 1 is was clear that with 

increased deposition temperatures the standard deviation in film thickness measurements 

and growth rates increased, indicating that the film thickness became less uniform at higher 

deposition temperatures.  Furthermore, the growth/ deposition rates are greater when using 

precursor 1 compared to 2, which may be due to the higher temperatures required to deposit 

films from 1 (see Figure 4.5).  

 

  

Figure 4.5: Comparison of the film thickness and average growth rates of SnS samples 
produced from 1 (40 min) and 2 (90 min) at different temperatures. 
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4.2.2 XRD and Raman Spectroscopy Analysis 

Figures 4.6 presents the XRD analysis of the films deposited onto glass using precursor 1, at 

five different deposition temperatures (300, 350, 375, 400 and 450 oC) over 40 minutes. The 

XRD spectrum of films deposited at 450, 400 and 350 oC all display peaks associated with 

reflections from the [101], [201], [102], [111] and [400] planes of the orthorhombic 

herzenbergite α-SnS phase (JCPDS No. 00-039-0354). Films deposited at 375 oC present a high 

intensity single peak for the [400] plane, suggesting that the crystallites are highly oriented in 

these samples, an observation supported by SEM analysis. By comparison, similar highly 

oriented α-SnS films have been produced from ALD7 and nano-ink deposition processes.8 To 

observe preferential orientation in materials with non-cubic crystal structures such as α-SnS, 

which possess a layered orthorhombic lattice structure, is common. It is considered that this 

morphological out-come is a consequence of high deposition rates (c.a. 3.3 Å/s) at 375 oC, 

coupled with the anisotropic growth rate in the layered α-SnS systems, as has been postulated 

by other research groups.9-11 

 

 

 

 

 

 

 

 

 

  Figure 4.6: XRD analysis of SnS films deposited onto glass from 1 at (i) 450, (ii) 400, (iii) 
375, (iv) 350, and (v) 300 °C for 40 min. Assigned α-SnS (grey) and π-SnS (blue) powder 
X-ray diffraction patterns.  
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In addition, only the films grown on glass and crystalline silicon at 375 oC (i.e. α-SnS) showed 

preferential orientations in the PXRD, whereas the α-SnS films grown at 375 oC onto FTO and 

Mo, are less orientated (Figure 4.7).  

 

 

 

 

 

 

 

 

From Figure 4.6, the PXRD analysis of films deposited at 300 oC produced XRD patterns 

distinctly different from the samples deposited at higher temperatures. The peaks generated 

in this diffraction pattern can be assigned to the ‘cubic’ phase of SnS.  

 

 

 

 

 

 

 

 

Figure 4.7: XRD analysis of α-SnS films deposited from 1 at 375 oC for 40 mins on different 
substrates (i) Si, (ii) glass, (iii) FTO, and (iv) Mo.  

Figure 4.8: Polyhedral representative description along the [111] plane of the (a) π-SnS 
structure constructed by Y. Golan et al., (b) ZB-SnS structural model, and the NaCl-SnS 
structural model. Light grey and yellow circles represent Sn and S atoms, respectively. 
Octahedra formed around different Sn atom positions are distinguished by colour. For 
clarity, the inset in (a) presents an isolated coordination polyhedron formed around Sn 
atom, viewed along the [111] orientation. Copied image.21 

 

ZB-SnS π-SnS NaCl-SnS 



I. Y. Ahmet 
 

- 198 - 
 

There has been a lasting debate over the assignment of the ‘cubic-SnS’ diffraction pattern to 

the correct crystal structure. Currently, this distinct XRD pattern has been assigned to four 

possible SnS crystal structures, either the zinc blende (ZB-SnS) structure (a= 5.845 Å),12-15 the 

zinc blende structure with a larger unit cell (a= 11.592 Å),16, 17 the rock salt (NaCl-SnS) structure 

(a = 6.000 Å),18, 19 or the most recently reported rock salt-type structure known as the π-phase 

(π-SnS) (a = 11.7 Å, P213)20, 21 (Figure 4.6).  DFT calculations by L.Burton assume that the ZB-

SnS phase is thermodynamically unstable although it is uncertain that this structure may be 

kinetically stable at room temperatures.22 Recently, A.Y. Golan et al. structurally resolved the 

π-SnS phase using their calculated atomic model in combination with Rietveld refinement of 

the diffractogram produced by XRD analysis of cubic phase SnS powders. They confirmed the 

correctness of their structural model (with a slight correction in the lattice constant from a = 

11.7 Å to a = 11.595 Å). Furthermore the same group performed Kramers-Kronig analysis on 

the π-SnS structural model to predict optical and electronic properties of the new phase and 

these fall closely to those obtained experimentally. The π-SnS model consists of a large unit 

cell containing 64 atoms and of an uncommon P213 space group.20, 21 

 

 

 

 

 

 

 

 

 
 

It now agreed that π-SnS is the most accurate structural assignment for the ‘cubic SnS’ XRD 

pattern presented in this study.23 For this PhD the cubic SnS phase (cubic-SnS) will be assigned  

to the π-SnS structure and using this structure it is possible to assign all of the XRD diffraction 

peaks produced from cubic-SnS samples, deposited at 300 °C, to the [2,2,0], [2,2,1], [2,2,2],  

Figure 4.9: XRD analysis of Cubic-SnS films deposited onto glass from 1 at 300 oC for 40 mins. 
(iii) As deposited film, and annealed film in N2 atm at 375 oC for (ii) 2hrs, and (i) 5 hrs.  
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[4,0,0], [4,0,1], [3,3,0] etc. Miller indices. Interestingly, it has been predicted in all structural 

models (i.e. ZB- NaCl- or π-SnS), that the cubic-SnS phases are thermodynamically less stable 

compared to the orthorhombic α-SnS phase.21,22 However, these films are obviously kinetically 

stable, and the cubic-SnS films show no evidence of spontaneous conversation to α-SnS at 

room temperature: Although, when anneal at 375 oC under N2 over a period of 5 hours the 

cubic SnS films display a slow phase transition from the cubic-SnS to α-SnS phase as confirmed 

by PXRD analysis (see Figure 4.9). 

The Raman spectra of films deposited form precursor 1 between 350 and 450 °C (with 50 °C 

intervals), and at 375 °C, show four distinct characteristic Raman shifts (symmetry modes) at 

95 (Ag), 160 (B3g), 190 (B2g), and 218 cm–1 (Ag) (Figure 4.10). The observed shifts are in full 

agreement with the Raman spectrum of pure α-SnS single crystals24 and α-SnS films deposited 

via ALD.7 The Raman spectrum for the cubic-SnS thin films deposited at 300 oC present very 

weak Raman signals, and only low intensity peaks were observed at 71, 95, 111, broad peaks 

at 170, and 195 cm-1. These peaks match the Raman spectrum of cubic-SnS nanoparticles 

produced by Y. Golan et al. who have fitted the broad peaks at 170 and 195 to four 

components at 176, 192, 202, and 224 cm-1. Assuming the π-SnS structure, 4 out of the 9 peaks 

have been assigned to three distinct Raman modes (Ag mode at 192 and 224 cm-1, B1g mode 

at 71 cm-1 and B3g mode at 176 cm-1).21  

 

 

 

 

 

 

 

 

 

Figure 4.10: (532 nm laser) Raman spectra of SnS films deposited onto glass from 1 at (i) 
450, (ii) 400, (iii) 375, (iv) 350, and (v) 300 °C for 40 min. Presented are the assigned 
symmetry modes for α-SnS23 and the peak positions identified for the cubic SnS phase.20  
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Figure 4.11 presents the XRD of the films deposited using precursor 2, onto glass at five 

different temperatures (150, 175, 200, 250 and 300 oC) after a 40 minute deposition. All the 

samples generate diffraction patterns which contain only the peaks assigned to the standard 

α-SnS orthorhombic herzenbergite phase (JCPDS No. 00-039-0354). Although all samples show 

very high intensity peaks for the [400] miller plane compared to the less intense peaks 

assigned to [101], [201], [102], [111] etc. This single intensity peak suggests again that the 

crystallites in all these samples produced from 2 are highly oriented, where the [4,0,0] plane 

is parallel to the substrate surface. The preferred orientation of the crystals is further 

supported by the observation of protruding and oriented leaf like crystallites observed from 

the AFM and SEM analysis. The Raman analysis of these samples, shown in Figure 4.12, only 

consist of the four distinct characteristic Raman shifts at 95 (Ag), 160 (B3g), 190 (B2g), and 218 

cm–1 (Ag) for the α-SnS phase. Interestingly, the films produced by 2, although deposited at low 

temperatures (<300 oC), none exist as the cubic-SnS (π) phase, which is only form from 

precursor 1 at the low deposition temperature of 300 oC. The reasoning for this is still unclear 

and would require further investigations of the SnS growth mechanism from the two different 

precursors.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: XRD analysis of SnS films deposited onto glass from 2 at (i) 300, (ii) 250, (iii) 
200, (iv) 175, and (v) 150 °C for 40 min. Assigned α-SnS (grey) powder X-ray diffraction 
peaks. 
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By close inspection of the Raman spectra for α-SnS films deposited from 2 at different 

deposition temperatures, it appears that there is a traceable shift in the peak positions 

assigned to the B2g(160 cm-1) and B3g (190 cm-1) symmetry modes for the α-SnS phase, whilst 

both the Ag peak positions at 95 and 218 cm-1 remain comparatively consistent. The reasoning 

for this observation is discussed further in section 4.5.1. 

Most significantly from the Raman spectroscopy analysis of all the samples produced by 1 and 

2 is that no peaks at 307, 312, and 632 cm–1 were observed. These are the most intense Raman 

shifts for Sn2S3, SnS2, and SnO2, respectively. Additionally, no diffraction peaks in the XRD 

spectrum can be assigned to these phases. This analysis indicates that 1 and 2 effectively 

deposits stoichiometric and phase-pure SnS films without secondary SnSx phases or intrinsic 

SnO2 impurities.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.12: (532 nm laser) Raman spectra of SnS films deposited onto glass from 2 at (i) 
150, (ii) 175, (iii) 200, (iv) 250, and (v) 300 °C from 1 over 40 min. Presented are the 
assigned symmetry modes for α-SnS.19 *Notice that the B2g and B3g progressively move 
to lower frequencies at higher deposition temperatures. 
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4.3 Decomposition Mechanism  
 
It is clear that the Sn(II) mono thioureide complexes (1 and 2) presented in this study 

effectively deposit stoichiometric and crystalline SnS samples. In an attempt to fully 

understand the mechanism by which these precursors produce phase-pure SnS materials, the 

gaseous by-products from an AA-CVD run at 375 oC using precursor 1 were examined. Gaseous 

by-products were trapped at low temperature (77 K) from the CVD chamber exhaust (See AA-

CVD reactor set up in chapter 1 section 1.6). The condensed gaseous by-products consisted of 

a clear solution, where the solvent was removed by vacuum evaporation until a solid white 

residue remained. The remaining residue was dissolved in THF-d8 and examined by 1H and 13C 

NMR spectroscopy (see Figure 4.13) from which it was possible to identify that N’-Phenyl-N’N-

dimethylguanidine [PhNC(NMe2)2] was formed, as a by-product from the decomposition of 

precursor 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.13: NMR Spectra (a)- 13C NMR (75.5 MHz, THF-d8) and ), (b)- 1H NMR (300 MHz, 
THF-d8) Spectrum of the guanidine by-product collected from the exhaust of the AA-CVD 
reactor using a N2 trap after a 40 min deposition at 375 oC. *Unidentifiable peaks. 
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Evidence from high temperature (323 K) 119Sn NMR studies suggests that at elevated 

temperatures the dimer compound 1, identified in the solid state, breaks down into the 

monomeric species 1i, see Scheme 4.1. It is assumed that the molecular intermediate, 1i, 

facilitates SnS formation, via the nucleophilic attack from the [-NMe2] group towards the 

central carbon atom of the thio-ureide ligand. While there is no direct evidence for an 

intramolecular reaction mechanism, it seems most plausible. 

 

 

 

 

 

 

Furthermore, it is probable that precursor 2 undergoes a different decomposition mechanism, 

as this precursor does not afford the cubic-SnS phase even though it decomposes at lower 

temperatures. It is then likely that the decomposition of 2 follows a gas phase mechanism 

rapidly generating SnS in the orthorhombic phase. The difference in decomposition 

mechanism can arise from the available β-hydride situated on the tButyl-group. It is possible 

that precursor 2, initially breaks down into the monomeric species 2i, and instead undergoes 

a β-hydride elimination step to form 2-methylpropene and an intermediate complex 2ii. This 

will undergo a further β-hydride elimination step resulting in the formation of SnS, and volatile 

dimethyl amine and N,N dimethyaminonitrile (See Scheme 4.2). 

  

Scheme 4.1: Possible thermal decomposition mechanism for the generation of SnS and 
N,N,N′,N′-Tetramethyl-N″-phenylguanidine, from Precursor (1) 
 

 

Scheme 4.2: Possible thermal decomposition mechanism for the formation of SnS, 
dimethyl amine and N,N dimethyaminonitrile, from Precursor (2). 
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4.3.1 Optical Analysis  

The transmission spectrum from 1200 to 400 nm was measured for 800 nm SnS films 

deposited from 1 at 300 oC (Cubic-SnS) and 375 oC (α-SnS), and from 2 at 200 oC (α-SnS), onto 

glass substrates. The optical transmission spectra of 800 nm thick SnS films of cubic-SnS (from 

1) and both α-SnS samples (from 1 and 2) deposited onto glass, and of the cubic-SnS films 

after 375.oC annealing treatments in inert atmosphere for 2 and 5 hours were measured, and 

these data are presented in Figure 4.14. 

The α-SnS films possess an absorption edge at 1050-750 nm with a transmission starting from 

c.a. 60 % to c.a. 4 %. For the cubic-SnS phase the absorption edge is at shorter wavelengths 

with an onset at 750 nm, matching what has been similarly observed by P.K. Nair et al. for 

mixed cubic-SnS/ α-SnS thin films17 and by E. C. Greyson of mixed phase SnS microcrystals.12 

 

 

 

 

 

 

 

 

 
 

The absorption coefficient was calculated using the following Tauc’s relation, α = 2.303 A/d, 

where α is the absorption coefficient, A is absorbance and d is the average film thickness 

(determined by SEM and AFM). The value of the absorption coefficient for the orthorhombic 

α-SnS films (including the cubic-SnS films that were annealed for 5 hrs at 375 oC), was above 

4 x 104 cm-1, at wavelengths below 800 nm. These high absorption coefficients are expected 

for α-SnS, a property which makes it a promising absorber material for thin film inorganic solar 

cells. Interesting the cubic-SnS phase had an absorption coefficient >4 x 104 cm-1, at 

wavelengths below 595 nm. Interestingly, after 2 hours of annealing the cubic-SnS samples at 

Figure 4.14: (a) Transmission spectrum and (b) photon energy dependant absorption 
coefficients of ~800 nm Cubic-SnS films deposited on glass at 300 oC (red) and α-SnS films 
deposited on glass at 375 oC (light blue) from 1 and 200 oC (yellow) from 2. The arrow 
indicates the can in optical properties of the Cubic-SnS samples annealed at 375oC for 2 hrs 
(pink) and 5hrs (dark blue).  
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375 oC under inert atmospheres the SnS films showed a stepwise absorptions edge made up 

of two distinct regions. The XRD indicate that the 2 hour annealed films possess both the cubic 

and orthorhombic polymorph of SnS, therefore the step wise absorption is possibly due to a 

combination of the two optical components for the cubic and orthorhombic polymorphs. This 

step wise absorption has also been observed in mixed cubic- and α-SnS samples produced by 

D. Avellaneda et al. via chemical bath deposition methods.14  

Band-gap Calculations 

The optical band gaps for the different samples were determined from the Tauc’s plots of the 

absorption coefficient using the relation: (αhv)n = B(hv – Eg), where B is a constant, n is the 

transition probability, and Eg is the optical band gap. 

For a direct allowed transition n = 2 and indirect allowed transition n = 1/2. The plots of (αhv)2 

vs hv and (αhv)1/2 vs hv, are shown in Figure 4.15 and were used to determine the direct and 

indirect band gap energies of the SnS thin films by extrapolating the linear region of the data 

to αhv = 0, respectively. The α-SnS films were calculated to have direct and indirect band gaps 

of ~1.34 and ~1.10 eV, respectively, which correspond closely to previously reported values 

for 500 nm α-SnS films deposited by ALD.7 The cubic-SnS films were found to have a direct 

band gap of 1.78 eV, which is at a higher energy compared to previously reported cubic-SnS 

samples (1.76–1.53 eV).12, 14, 16, 21 

 

 

 

 

 

 

 

 

 

Figure 4.15: (a) Plot of (αhv)2 vs. photon energy (eV) and (b) plot of (αhv)1/2 vs. photon 
energy (eV) for ~800 nm SnS films deposited on glass at 300 oC (red) and 375 oC (light 
blue) from 1 and 200 oC (yellow) from 2. Arrow shows the change in optical band gap of 
Cubic-SnS samples as they are annealed at 375oC for 2 hrs (pink) and 5hrs (dark blue).  
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4.4 High Resolution Surface Analysis of α-SnS Thin Film Samples 
 
In order to assess the purity of SnS thin film samples at high resolution (~10 nm), X-ray 

photoelectron spectroscopy (XPS) was carried out on the α-SnS samples deposited from 1 

onto a silicon substrate a 375 oC for 40 min (presented in Figure 4.16). Although the EDS 

analysis showed that the SnS films contained a varying amount of carbon contamination 

examination using XPS depth profiling experiments reveals these contaminants to be localized 

on the surface of the thin films: The binding energy of the carbon atoms (C 1s, 284.9 eV) 

indicates the presence of organic hydrocarbon contaminates and, significantly, the absence of 

intrinsic tin carbide environments (e.g., C 1s, 282.9 eV in Nb2SnC).25 In the case of oxygen, XPS 

analysis highlights a small degree of surface oxidation of the SnS, as indicated by the distinctive 

peaks at 486.9 eV (Sn 3d5/2) and 495.3 eV (Sn 3d3/2), which are representative of SnO2 binding 

energies (Figure 4.17).26 For the un-etched films the two Sn 3d environments are made of two 

component representative of Sn4+/SnO2  at 486.9 eV (Sn 3d5/2) and 495.3 eV (Sn 3d3/2)  and of 

Sn2+ at 486.5 eV (Sn 3d5/2)  and 495.1 eV(Sn 3d3/2). (The 3d5/2 and 3d3/2 peaks are at relative 

intensities of 5:3 respectively, and arise from the splitting in electron energies in the d-orbitals 

of the tin atoms upon photon excitations.) 
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Figure 4.16:  (a) Survey XPS spectrum representing the electron binding energies of each 
elemental type found on the surface of the sample with no etching. High resolution 
spectrum of the (b) S 2p peaks and (c) Sn 3d peaks. Different colour spectra present the 
recorded spectrum after each etching time.  
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Depth profiling of the thin films (20 s Ar etch) shows a disappearance of peaks associated with 

hydrocarbon based carbon (C 1s, 284.9 eV), and a decrease in intensity of the O 2s peak at 

531.85 eV and 530.55 eV, representative of O-H groups and oxides (i.e. SnO2), respectively. 

This occurs simultaneously with a decrease in the Sn 3d peaks at 486.9 and 495.3 eV (i.e., SnO2 

peaks) and an increase of the intensity of the Sn 3d peaks at 486.5 (Sn 3d5/2) and 495.1 eV 

(Sn 3d1/2), indicative of the SnS binding energies. 

 

 

 

 

 

 

 

 

 

 

Furthermore, the S peaks at 162.6 (S 2p1/2) and 161.0 eV (S 2p3/2) associated with SnS are 

observed before and after etching (Figure 4.16). Further etching (200 s Ar etch) of the samples 

shows a loss of the surface oxide material to reveal SnS, as indicated by the average elemental 

ratio of Sn:S of 1:0.95 (Figures Figure 4.17 (d)). Similar XPS studies of SnS films have shown 

comparable atomic ratios for “pure SnS” as well as surface oxidation.24, 26, 27 

 

 

 

  

(b) (c) (d) (a) 

(f) (g) (h) (e) 

Figure 4.17: High resolution XPS spectra of Sn 3d and O 2s regions with the deconvoluted 
peaks representing the SnO2 (yellow) and SnS (pastel purple), and O-H (blue) and O-Sn 
(dark blue) components. Each spectra are collected after progressive etching times from 
(a-e) 0s to (d-h) 200s 

 

 

Figure 4.18:  Illustration of the depth profile XPS analysis on the α-SnS samples. 
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4.5 The Effects of Post Deposition Annealing of α-SnS Thin Films 
 
It is clear that the α-SnS thin films produced from 1 at 375oC consisted of large crystallite 

grains. Furthermore the as deposited samples produced significantly high levels of photo 

currents as observed by the EQE analysis. Although these results prove that the samples are 

highly crystalline, single phase, and of good electrical quality, it would be of interest to push 

their performance further by increasing the EQE closer to 100% across the solar spectrum. 

Moreover the crystallites in the as deposited sample are orientated and form rough surfaces 

where shunt pathways are likely to form between the crystallite grain boundaries in fully 

fabricated PV devices.  

Post annealing is frequently used to increase the efficiency of thin film solar cells as well as 

the performance of other thin film materials and is achieved by improving the material 

properties. Annealing can induce grain growth and reduce the number of grain boundaries 

which can catalyse photo electron-hole recombination and lower the number of charge 

carriers collected at the film junction. Annealing can also remove bulk and interface defects, 

such as sulphur vacancies (VS) or tin interstitial defects (Sni), which can act as recombination 

catalysts by trapping both holes and electrons.28  

A variety of post annealing studies have already been carried out on SnS. Annealing SnS 

samples > 300 oC in inert atmosphere has been shown to result in loss of sulphur and the 

formation of sulphur deficient SnS samples due to the high volatility of sulphur.3 It has been 

shown that annealing under these condition can be detrimental to the SnS sample and 

generate other Sn-S phases, such as Sn2S3, and cause the crystallites to become smaller.4 

Sulphur deficient SnS film can be detrimental for photovoltaic applications as the presence 

the sulphur vacancies produce defect states between the band-gap that can catalyse electron-

hole recombination.28, 29 Post treatment processes, such as hydrogen sulphide annealing5 or 

by increasing the precursor concentration within the aerosol2 have been shown to suppress 

the number of sulphur vacancies in the SnS film. 

Studies by R. G. Gordon et al. have shown that annealing SnS in a H2S atmospheres can 

suppress the creation of sulphur vacancies, and increase the grain size of SnS crystallites, 

whilst suppressing grain boundary defects and shunt pathways through the film.30 It has been 

shown that post annealing of SnS is essential for the optimisation of both ALD and evaporated 

SnS absorber layers used in the record efficiency PV devices.5, 31 Due to high toxicity of H2S our 
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studies did not carry out post anneal investigations with H2S.  Subsequently, preliminary 

investigation were carried out on the as-deposited samples of α-SnS on glass substrates by 

annealing them either in air or under an atmosphere of sulphur.  

4.5.1 Annealing in Air  

Raman Analysis 

Figure 4.19, presents the Raman analysis of α-SnS samples annealed in air on a hot plate for 

10 minutes with progressively increasing temperatures. Interestingly the B2g and B3g Raman 

modes associated with the α-SnS phase progressively moved to lower frequencies with 

increasing hot plate temperatures whilst the other peaks remained comparatively consistent. 

(Note: These observations are similar to those in α-SnS samples deposited from 2 at 

progressively increasing deposition temperatures). In addition the generation of a secondary 

peak at 310 cm-1 occurred at 200 oC with increasing intensities at higher temperatures and 

this peak is associated with the A1g transition of the SnS2 phase.24  

Once annealed at high temperatures the Raman spectrum remains consistent and the effects 

on the peak shift are irreversible. The change in the B2g and B3g Raman shift is assumed to be 

a result of sulphur evaporation from the SnS sample and dependent on the concentration of 

sulphur in the SnS composition. Further investigations by the Institute de Recerca en Energia 

de Catalunya (iREC) are being carried out to produce an accurate correlation between the 

stoichiometry of Sn:S in α-SnS films and the position of the B2g and B3g Raman peak and have 

shown that loss of tin causes a shifts from ideal stoichiometry. A recent study by Meng et al. 

investigated α-SnS flakes and their temperature dependence Raman shift at low 

temperatures. Meng et al. observed a significant ‘reversible’ blue shift in the Raman response 

of the B2g, B3g and Ag modes with decreasing temperatures from 25 oC to -195 oC. They report 

the temperature dependence on peak position related to the temperature coefficients of the 

specific Raman modes in α-SnS crystal structure.32 It is believed that the ‘irreversible’ change 

in this investigation is a result of a different property of the sample, such as stoichiometric 

changes/ defect concentration in the SnS compositions. Ongoing work, by IREC, is currently 

producing accurate results correlating the position of the relative position of the B2g and B3g 

Raman peaks with the concentration specific defects and the change in Sn:S stoichiometries 

in the α-SnS samples. 
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The formation of the SnS2 from phase pure films of SnS maybe be a result of 

disproportionation of the Sn2+ ion in SnS to Sno and Sn4+ in SnS2, which is known to occur at 

high temperatures. A study by H. K. Parl, et al. has shown that α-SnS thin films grown from 

electron-beam evaporation of pure α-SnS powder produced phase pure thin films at low 

substrate temperatures (25 – 100 oC), with increasing temperatures up to 280 oC and above 

this temperature the evolution of the Sn2S3 phase was apparent, in addition to the loss in film 

thickness caused by the re-evaporation and deposition of sulphur, SnS, Sn2S3 and SnS2 (see 

Figure 4.20).33 

 

Figure 4.19: (532 nm laser) (a) Raman spectroscopy analysis of α-SnS films deposited onto 
glass substrates, which have been subjected to progressive hot plate annealing in air at 
increasing temperatures and for 10 minutes at each temperature. (b) Expanded region to 
visualise the observed gradual red shift of the B2g and B3g peaks as annealing temperatures 
increase temperature. c) Graphical plot of all peak positions at different annealing 
temperatures. 
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Photoluminescence Spectroscopy  
 
Figure 4.21 shows the photoluminescence (PL) spectrum of α-SnS thin films as-deposited and 

air hot plate (HP) annealed (at 300 oC). The as-deposited films produce a broad and intense PL 

peak at 1008 nm. This PL signal match that of single crystals of α-SnS growth by the Bridgman-

Stockbarger technique. This study produced an accurate Gaussian fit to the broad peak and 

deconvoluted three components at 841.5 nm (direct band gap), 1008.6 nm (indirect band 

gap), and 1110.2 nm (interstitial states).34 The strong PL response from a low energy light 

source (1.3 mW) and at room temperature is very promising and compliments the high purity 

and crystallinity of the as-deposited α-SnS samples produced from 1. Interestingly, hot plate 

annealing causes the intensity of this PL peak to decrease. This indicates that there is an 

increase in defects within the sample, which will introduce defect states either within or on 

the surface of the sample and decrease the standard PL response.  Defects states can exist at 

energies between the band gap, these states can catalyse non radiative recombination 

processes of excited electron and hole carriers, subsequently decreasing the 

photoluminescence produced by the sample. These observations from Raman and PL analysis 

clearly indicate that annealing α-SnS in air at temperatures > 200 oC can have significantly 

detrimental effects on the phase purity of the samples. 

 

 

Figure 4.20:  Schematic illustration of the temperature dependant phase evolution in tin 
sulphide (SnS) thin films from deposition via electron beam evaporation.35  
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4.5.2 Annealing under a sulphur atmosphere  

In order to prevent sulphur loss from the α-SnS sample when heated, attempts to anneal these 

samples in a sulphur atmosphere at low concentrations (50 mg, Ps = ~1 x 10-4 bar) were carried 

out at 300 oC in a sealed graphite box (1 x 10-4 m3) under an inert atmosphere at 1 bar over 30 

minutes. The Raman analysis of the post annealed α-SnS sample is presented in Figure 4.22 

and shows that after annealing the peaks associated with α-SnS decrease in intensity and a 

strong A1g peaks for the SnS2 phase at 310 cm-1 is generated. This indicates that even annealing 

SnS under small partial pressure of sulphur can cause oxidation of the sample surface and 

generate secondary SnS2 phases.  

 

 

 

 

 

As-deposited  

300 oC HP Air 
 Anneal (10 min) 
. 

 

Figure 4.21:  Room temperature normalised photoluminescence intensity vs. energy for 
α-SnS films deposited on to glass. (black) As-deposited from AA-CVD and (yellow) after 
annealing at 300 oC in air. 532 nm laser at 1.3 mW captured 3 x over 30s at x20 
magnification.  
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EDS analysis of the post annealed sample (spectrum presented in Appendix A.C.3)  also shows 

that the Sn:S stoichiometry is no longer close to 1:1 and reaches 1:1.5 post annealing in 

sulphur. (Figure 4.23) SEM images also demonstrate that annealing under these conditions 

does not improve the crystallite grain size, but instead smaller leaf like crystallites are formed 

on the surface of the originally deposited α-SnS and the original crystals appear amorphous 

and micro granular.  

  

Figure 4.22:  Raman spectroscopy analysis of α-SnS films before and after annealing in a 
sulphur atmosphere. 

Figure 4.23: SEM image of α-SnS films after annealing in a sulphur atmosphere at 300 oC. 
(Scale bars = 500 nm). The growth of SnS2 micro-crystallites can be observed on the surface 
of the original SnS crystallites.  

 



I. Y. Ahmet 
 

- 214 - 
 

4.6 Photo-electrochemical Analyses of Cubic- and α-SnS Thin Film Samples 
 

4.6.1 Chopped Illumination Experiments 

It was of interest to compare the photoelectrochemical properties and photoconductivity 

response of the α-SnS and cubic-SnS polymorphs. Photoelectrochemical measurements under 

a chopped illumination (470 nm) were performed on ~800 nm α-SnS and cubic-SnS films 

deposited on Mo/glass substrates using precursor 1 and ~800 nm α-SnS films on Mo/glass 

substrates using precursor 2 at 200 oC. Figure 4.24 (a) shows the photo-electrochemical 

behaviour of the different SnS films across the potential range from −0.7 to +0.7 V vs Ag|AgCl. 

For the α-SnS films, only cathodic photocurrents are seen on the scan, demonstrating p-type 

conductivity. The photocurrent increases with increasing cathodic polarization, as a result of 

increased band bending.  

 

 

 

 

 

 

 

 

 

 

By contrast, the cubic-SnS films exhibit both cathodic and anodic photocurrent responses of 

similar magnitude with a crossover close to the estimated flat band potential, Efb for cubic-SnS 

(−0.13 V). Cubic-SnS has previously been reported to be an intrinsic p-type semiconductor;14, 

17 however, as can be seen in Figure 4.24 (a and c) cubic-SnS exhibits ambipolar photocurrent 

behaviour, suggesting that the cubic-SnS material may be compensated. Interestingly, 

Figure 4.24: Photo-electrochemical responses (vs Ag|AgCl) to chopped illumination (1 s on, 
1 s off) in a 0.2 M Eu2+/3+(aq) electrolyte of cubic-SnS (blue) and α-SnS films deposited from 
1 (black) or 2 (red) (on Mo/glass). Reference electrode Ag|AgCl. (a) Voltage sweep from +0.7 
to −0.7 V with a slew rate of 10.mVs-1 with an illumination sequence of 3 s on and 2 s. (b) 
Transient photocurrent for (b) α-SnS samples at a fixed potential of −0.6 V and (c) cubic-SnS 
samples at fixed potentials, +0.6 V (dark blue) and −0.6 V (blue). 
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previous work by Ray et al. reports similar ambipolar photo-electrochemical behaviour from 

the SnS thin films they deposited via spray pyrolysis methods. It was speculated that the 

presence of both anodic and cathodic photocurrents was a result of a mixture of p-type and 

n-type semiconducting phases of SnS through mixed stoichiometry in the SnS system.35 

However, in from these investigations it is identified that the ambipolar photo-

electrochemical behaviour is attributed to the electrical properties of the cubic-SnS phase. 

Interestingly the photoconductivity response of α-SnS deposited by 1 is much larger than 

those deposited by 2. Furthermore the photoconductivity response α-SnS films deposited by 

1 are c.a. 10 x greater compared to cubic SnS films under cathodic polarisation.  Similar 

differences have been reported by P.K. Nair et al.17 The smaller photoconductivity response 

for cubic-SnS films can related to the degree of doping and dominant (i.e. holes) carrier 

concentrations.  

4.6.2 EQE Measurements  

As shown in Figure 4.25, the EQE spectrum for α-SnS films deposited by 1 has an onset at 1100 

nm and a step at 900 nm, which correspond, respectively, to the indirect and direct band gap 

transitions observed in the optical analysis. The EQE reaches 43–53% between 780 and 400 

nm, which is remarkably high for an as-deposited and untreated/un-annealed thin film. The 

EQE of the α-SnS films deposited by 2 show much smaller EQE’s and the spectrum shows an 

onset at 1100 nm reaching a maximum at 920 nm of  20% but then there is a sharp loss in 

photo current at 780 nm. This unusual EQE spectrum could be due to the charge collection 

and recombination rates in these samples. These samples consist of much smaller crystallites 

compared to those produced from 1 and the higher surface area of the crystallites and 

increased number of grain boundary defects, will increase the rate of photoelectron 

recombination, therefore less photogenerated charge is collect from these samples. 

Furthermore there is significant dark currents observed in these samples which indicated that 

films contain pinholes which will also lower the concentration photocurrent collected.  

Cubic-SnS films on Mo produced two different EQE spectra dependent on the sign of the 

photocurrent. At a bias potential of −0.7 V (cathodic), a sharp photocurrent onset was 

observed at 760 nm close to the band gap energy. The EQE then peaks at 30% at a wavelength 

of 675 nm, before decreasing steadily at shorter wavelengths. By contrast, at a bias potential 
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of +1.0 V (anodic), the EQE spectrum shows a more gradual onset at 770 nm followed by a 

step at 720 nm and a steady increase toward shorter wavelengths, reaching 15% at 400 nm. 

The difference in the spectra indicates that the mechanism of photocurrent generation in the 

two cases is different. Under an anodic photocurrent, the peak in the spectrum close to the 

band edge is typical for photoconductivity, which is a bulk effect in which photogenerated 

charge carriers increase the conductivity of a material. In contrast, the EQE spectrum for the 

cathodic photocurrent is more typical of a photovoltaic effect in which charge carriers are 

separated in the space charge region formed at the semiconductor–electrolyte junction. 

 

 

 

 

 

 

 

 

 

 

 

 

For both thin films, short circuit current densities (Jsc) have been calculated under AM 1.5G 

illumination, assuming the photocurrent and light intensity follow a linear relationship.36 The 

values obtained are for films deposited by 1 of 800 nm thick α-SnS Jsc (+1.0 V) = 15.58 mA cm–

2 and 600 nm thick cubic-SnS Jsc (+1.0 V) = 2.19 mA cm–2 and Jsc (−0.7 V) = 4.13 mA cm–2, on a 

Mo substrates. The Jsc for α-SnS deposited from 1 is comparable with the best SnS device 

reported to date (~20 mAcm-2).5  

Figure 4.25: EQE Spectrum of α-SnS films deposited by 1 (black) and 2 (blue) at −0.7 V, 
and Cubic-SnS films deposited by  1 at −0.7 V (red), and Cubic-SnS at +1.0 V (green)  
(vs Ag|AgCl). 
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Flat Band Potential for α-SnS and Cubic-SnS Samples 

Using the Gartner equation, described in Appendix B Section A.B.9-E.B.20, the estimated flat 

band potential (Efp) and carrier concentration (Na [acceptors] or Nd [donors]) can be calculated 

for α-SnS and cubic SnS films deposited from 1 by plotting the graphs of [ln(1-φ)]2 v [V vs. 

Ag|AgCl] (see Figure 4.26), where the data is collected from measuring the EQE of samples at 

720 nm (for α-SnS) or 695 nm (for cubic-SnS) across different bias potentials. The values used 

for the permittivity of free space (ε0), relative permittivity (εr) and elemental charge (q) are 

8.85 x 10-12 C2 N-1 m-2 , 10, and 1.602 x 10 -19 C, respectively, when using the Gärtner equation. 

The Efp and acceptor concentration (Na) of α-SnS samples was found to be -0.35 V (vs. Ag|AgCl) 

and 2.068 x 1018 cm-3, respectively. The Efp is at smaller negative potential to SnS films 

produced by spray pyrolysis (at -0.57 V vs. Ag|AgCl) reported by M. Patel et al.35 and the 

doping density is 103 greater in these samples compared to the optimised α-SnS films (~5.7 x 

1015 cm-3) in the highest efficiency solar cells.5 The Efp and acceptor (Na) and donor (Nd) 

concentrations of cubic-SnS samples was found to be -0.13 V (vs. Ag|AgCl), 2.290 x 1019 cm-3, 

and 2.490 x 1019 cm-3, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26: EQE-Potential plots used to predict the flat band potential (Efp) and carrier 
density (Na or Nd) for (a) α-SnS and (b) cubic-SnS thin films on Mo.  
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Estimated Band Diagram for α-SnS and Cubic-SnS Samples 

By conversion of the Ag|AgCl reference electrode to the standard vacuum level reference 

through the substitution of 4.303 ± 0.1 eV from potentials referenced against Ag|AgCl,37 these 

data with their know band gap energies can be used to place the vacuum energies of the 

conduction band (CB) and valence band (VB) edge for α-SnS at -3.86 eV and -4.96 eV and for 

cubic-SnS at -5.42 eV and -3.64 eV, respectively (see Figure 4.21). Note: These values assume 

the fermi level (Efermi) is equal to the flat band potential (Efb), which will lie +0.5 eV from the 

VB edge in a p-type α-SnS samples38 and at the centre of the band gap in ambipolar cubic-SnS 

samples.39 The energy valence band edge (VBE) obtained here (-4.85 eV vs Evac) from α-SnS 

samples is -0.15 eV below the calculated values and those obtained from XPS/IPSE (-4.71 eV 

vs Evac).40, 41  

 

 

 

 

 

 

 

 

 

 

 

 

Our findings suggest the thin films of both α-SnS and cubic-SnS are exceedingly stable. Despite 

initial surface oxidation of the thin films postdeposition, as revealed by XPS analysis, the 

samples are stable to wetting and successive testing. Even after 9 months of storage in air, the 

thin films samples of both SnS polymorphs show identical EQE spectra to similar week old 

samples, suggesting a high degree of durability to both the materials and any subsequent 

device that may be fabricated from them.  

Figure 4.27: Estimated band offset diagram for α-SnS and cubic-SnS samples referenced 
against the standard vacuum potential.  These values are calculated from predictions made 
about the position of the flat band potential of each SnS polymorph (Efp), calculated carrier 
concentrations and their indirect (α-SnS) or direct (Cubic-SnS) band gap energies (Eg).  
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Summary 
 
In summary, the first examples of tin thioureide complexes, capable of producing high purity 

SnS thin films using AA-CVD techniques is presented. Using precursor 1 specifically, it possible 

to exclusively form thin films of either α-SnS or cubic-SnS polymorph, and this is achieved 

through the selection of deposition temperature. This work demonstrates that the novel 

stannous thioureide complexes, 1 and 2, hold the potential for the production of α-SnS based 

thin films on a commercial scale using a low cost deposition technology (AACVD).  

The α-SnS films produced at 375 oC from precursor 1 possess promising photoelectrical 

qualities for PV applications, demonstrated by the relative high EQE measurement from 

photoelectrochemical analysis. Additionally, the potential dependent photoelectrochemical 

properties of phase-pure thin films of meta-stable cubic-SnS have been characterized for the 

first time. The identification of the p- and n-type photocurrent behaviour within the cubic-SnS 

phase can assist in the development of SnS photovoltaic devices and provide initial insight into 

the intrinsic nature of this polymorph (compared to distinctly p-type nature of α-SnS). 

Furthermore the band structure plots of α-SnS and cubic-SnS have been ascertained and 

present large differences in the CB and VB alignments in the two phases. 

Using this information it is viable to predict that an absorber layer with an uncontrolled 

mixture of SnS polymorphs can have a significantly detrimental effects on the α-SnS PV device 

performance. Therefore, it will be important for future α-SnS PV device optimization to 

identify the exact polymorph present within the film. Presented in Chapter 5 is an initial study 

examining the properties of PV devices consisting of absorber layer with either the cubic- or 

α-SnS phases, which have been deposited from techniques described in this chapter. 

In addition, through the fine-tuning of the thioureide ligand system it has been possible to 

design two tin (II) mixed amido-thioureide precursors with distinctively different 

decomposition profiles and they can be used to deposit SnS across a wide range of substrate 

temperatures. By choice of precursors one can either deposit α-SnS thin films at lower 

temperatures (150-200 oC) with precursor 2 or deposit different polymorphs of SnS at higher 

temperatures (300-400 oC) with precursors 1. Such control over polymorphism, deposition 
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temperature, stoichiometric composition and crystallite morphologies of SnS thin films has 

never been demonstrated from any other single source precursor (to date).  

Future Outlook on the Optimisation of α-SnS Thin Film Properties 

When producing high quality SnS with large grains, minimal grain boundaries, and pin holes 

and optimal electrical properties, we are faced a difficult challenge, and it is required that high 

quality samples are produced upon deposition especially for PV device fabrication. Post 

deposition annealing is only reliable when undertaken under an atmosphere of H2S,5, 30, 31 

since other methods, such as annealing in inert or sulphur atmospheres have been shown here 

to develop undesirable secondary phases and defects.  

However, H2S is highly toxic and flammable gas, which would be challenging to use on an 

industrial scale. Other sustainable annealing conditions must be explored for future 

improvements in the crystalline quality of SnS samples, which may include annealing SnS 

samples in saturated atmospheres of SnS.  

Opportunely, initial deposition trials of precursor 1 at 375 oC produce relatively high quality 

samples that may be improved further by modification of the deposition process (ie. Solvent 

type, reactor design, aerosol droplet size etc.) or through the modification of the Sn(II) 

monothioureide mono amide precursor. If as-deposited SnS samples are of a significantly high 

quality and at an optimised standard, it negates the need for post deposition annealing steps, 

meaning this process could provide a simplistic, single step and high throughput routes to high 

performance α-SnS and cubic SnS thin films, that can have significant benefits for the large 

scale production of thin film SnS PVs and other thin film applications that SnS may have an 

application. 
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Since it has been shown in Chapter 4 that either thin films of Cubic-SnS or α-SnS can be 

selectively deposited from precursor 1 via AA-CVD by the choice of furnace/deposition 

temperatures, it was of interest to fabricate and investigate a series of SnS based thin film 

solar cells with either one of SnS polymorph as the principle absorber layer. 

This chapter will briefly introduce the topic of thin film photovoltaics (PV) as well as the 

principles that govern the photovoltaic effect in an inorganic single p-n junction PV devices. In 

addition, the techniques and theory underlining solar efficiency and EQE measurements for a 

PV device are presented. A brief overview of the current developments in SnS based PV 

devices are also covered, where only until recently a distinction between the cubic and α-SnS 

polymorphs  has been made when SnS solar cells have been characterised. 

5.1 Thin film Photovoltaics (PV) 
 

5.1.1 The Photovoltaic Effect 

The photovoltaic (PV) effect is the conversion of electromagnetic radiation (i.e. visible, 

infrared and ultra violet light) to direct electrical current. Photovoltaics is a well-established 

area of research, which examines the photovoltaic effect exhibited by semiconductor 

materials. The photovoltaic phenomenon can be a result of a series of four basic processes: 

1) Light absorption - Absorption of light by a semiconductor causes a transition from a ground 

state to an excited states.  

2) Photo-generation – The absorption of energy should be sufficient that an electron is 

promoted across the band gap from a valence band edge state to a conduction band state 

resulting in the generation of at least one free electron and hole pair (Chapter 1 Figure 1.7).  

3) Charge Separation – Due to the presence of asymmetric forces in the semiconductor 

materials, (such as an electric field) the free electron and holes separate and propagate in 

opposite directions towards opposite electrical contacts, without recombining. 

Chapter 5: Polymorphs of SnS in Thin Film Solar Cells 
with Various Device Configurations 
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4) Non-equilibrium open system – High energy electrons are able to conduct through an 

external circuit, generating electrical current (useful energy) passing through a load, which 

then recombines with the free holes in the semiconductor material.  

All these steps must occur for a photovoltaic device to work.  

5.1.2 Solid State Single P-N Junction Solar Cells 

There are many types of solid state photovoltaic devices with different architectures. 

However, the simplest of these consist of a single p-n junction (see Figure 5.1). When p-type 

and n-type semiconductors are brought in contact with each other a p-n junction is formed at 

the interface of these two materials. The n-type material will consist of a high concentration 

of electron (donor) carriers and the p-type consists of a high concentration of hole (acceptor) 

carriers, under no bias potential, electron carriers diffuse from the n-type side to the p-type 

side. Similarly, holes flow by diffusion from the p-type side to the n-type side until the fermi 

levels of the two materials equalize. As a result, the loss of charge carriers from each material 

causes a region of exposed negative ions in p-type material and positive ions in the n-type 

material, creating an electric field across the junction and a depletion region propagating from 

the junction. Any incoming majority charge carriers approaching this region are forced away 

from this region by the electric field, which tends to force electrons back into the n-type 

material and holes into the p-type side (see Figure 5.1) whereas minority carriers are forces 

across the junction. Although at thermodynamic equilibrium a statistically low number of 

charge carriers (Maxwell–Boltzmann distribution) can possess enough energy to pass through 

this region.1  

  

Figure 5.1: Single p-n junction under equilibrium. 
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In a PV device the electric field across the depletion region can assist in the separation of 

photogenerated charge carriers. If a photon of light is absorbed by the p-type (or n-type) 

semiconductor within or close to the depletion region the photogenerated electron-hole 

charge carriers will be forced to separate by the electric field, where holes preferentially 

diffuse into the p-type material and electrons (minority carriers) are  forced across the junction 

into the n-type semiconductor. Ideally the probability of separating photo generated charge 

carriers and allowing them to be collected as current, is ideally 100 % if generated within the 

depletion region, and decreases with increased distance from this region. The rate that the 

probability decreases with distance from this region is determined by the recombination 

velocities (R, cm.s-1) and minority carrier diffusion lengths (D, cm2s-1) of the different carriers 

in the semiconductor layer.   

5.1.3 Solar Radiation and Solar Power 

The amount of energy emitted to the earth by the sun in the form of photons can be 

dependent on a number of variables, such as time of day, altitude, latitude, angle of the sun 

and atmospheric condition. The American Society of Testing and Materials (ASTM) have 

standardised the levels of solar radiation received by the earth in accordance to altitude, using 

the Air Mass (AM) standardisation. The global standard for terrestrial spectral incidence on 

the earth’s surface is categorised as AM1.5G (Figure 5.2). The integral of the AM1.5G spectrum 

(sum of diffuse and direct light) is the total radiation received on the earth surface, which has 

a total spectral power density calculated to be 1000 W m-2 or 100 mW/cm2 (peak wattage; 

Wp). 

 

 

 

 

 

 

 Figure 5.2: A.S.T.M. standard terrestrial solar spectrum (AM 1.5 G). 
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5.1.4 Solar Cell Parameters  

The most common method to measure the efficiency and other parameters of a PV device is 

to perform a current-voltage (IV) sweep to generate an IV curve. An IV or JV sweep, is achieved 

by measuring the current (I, A) or current density (J, Acm-2) at applied voltages from either 

positive to negative potentials (or vice versa) referenced to the P-N junction, under both the 

dark conditions and under a standard illumination. 

Figure 5.4 shows the conventional J-V curve of a solar cell in both the dark and under 

illumination, where the data is plotted in current density (J) vs voltage (V). The current density 

(J) is simply the current divided by the area of the device being measured with units Acm-2. In 

the dark scenario at 0 V, it is expected that only drift current is collected and current flow 

should equate to zero. (Figure 5.3. b) Under illumination at 0 V (in an ideal situation) there 

will be a moderate electric field across the p-n junction and relatively large space charge 

region. The photogenerated charge carriers will be produced and effectively separated at the 

junction, forming photogenerated current. This measured current under these conditions is 

known as the short circuit current density (Jsc). With an increased ‘reverse bias’ (+ terminal 

towards the n-type material and - towards the p-type) the electric field/ space charge region 

at the p-n junction will gradually increase. In an ideal situation the photocurrent/ current 

density should remain constant, since the electric field/space charge region at 0 V should be 

sufficient that all photogenerated carriers are collected (see Figure 5.3 a).  

 

 

 

 

 

 

  

Figure 5.3: Energy band diagrams of a P-N junction illustrating the effect of subjecting the 
PV device to (a) a reverse bias, (b) at short circuit (0 V) and (c) under forward bias at the 
open circuit voltage (Voc).  

(a) (b) (c) 
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(Figure 5.3. c) By subjecting the device to an increasing forward bias (- terminal towards the 

n-type material and + towards the p-type) the electric field/space charge region at the p-n 

junction will gradually decrease. In an ideal situation the photogenerated current will remain 

the same until a forward bias potential matches the voltage of the photogenerated current 

and the total current flow in the device will suddenly drop to zero. At this point the voltage is 

known as the open circuit voltage (Voc). A large Voc is desirable for high efficiency solar cells 

and it is determined by a number of properties, such as photocurrent generation and 

recombination processes. The Voc cannot be greater than band gap electron voltage of 

semiconductors at the p-n junction nor greater than the different fermi levels of the p- and n-

type materials. Calculating the efficiency of a solar cell requires a known total power light 

source over a measured area of a PV cell, Pinput. For PV efficiency measurements the standard 

solar power input is consider a 100 mW/cm2 at the terrestrial level (AM 1.5 G).  

 

 

 

 

 

 

 

 

 

By plotting the JV curve from Jsc to Voc of a PV device under the illumination of standard solar 

spectrum (AM 1.5 G) one can determine the maximum power out-put density (Pmax) from the 

device at Jmax and Vmax (see Figure 5.4). The thermodynamic conversion efficiency (η) of a PV 

cell can then be calculated from the Pmax value using the equation below:  

𝜂 =
𝐽𝑚𝑎𝑥 ∙𝑉𝑚𝑎𝑥

𝑃𝑖𝑛𝑝𝑢𝑡
=  

𝑃𝑚𝑎𝑥

𝑃𝑖𝑛𝑝𝑢𝑡
   

Figure 5.4: J-V curve measured for a PV device in the dark (grey) and under illumination 
(orange). Labelled are the key solar parameters used to assess the efficiency and 
performance of the solar cell. 

 

(5.1) 
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Shown by the dotted lines in Figure 5.4 is an ideal rectangular shape of a perfect J-V curve for 

a model PV device under illumination. This shape represents a PV cell delivering the maximum 

current density, (Jsc) up until an open circuit voltage (Voc).  However, this is almost never the 

case and currents are lost as the voltage approaches the Voc , due the decreasing electric field 

at the p-n junction and less effective charge separation.  

The term fill factor (FF) is a measurement of how much the J-V curve follows this ideal 

rectangular shape, and is defined by < 1 and calculated by:  

𝐹𝐹 =
𝑉𝑀𝑎𝑥𝐽𝑀𝑎𝑥

𝑉𝑂𝐶𝐽𝑆𝐶
 

 
By substituting the FF term, into the efficiency equation, following expressing for the 

conversion efficiency can be made:  

𝜂 =
𝐹𝐹 ∙ 𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶

𝑃𝑖𝑛𝑝𝑢𝑡
 

 
Subsequently, the Jsc, Voc and FF are governing parameters that determine the efficiency of a 

solar cell and it performance. 

 

 

 

 

Figure 5.5 represents the equivalents circuit for a standard single junction solar cell. Since a p-

n junction solar cell is effectively a diode, under dark conditions, the IV curve (or JV curve) of 

the device should follow the ideal diode shape, where the current is subjected to high shunt 

resistance in one direction and minimal resistivity in the other. In the dark currents generated 

at the diode junction (i.e. photocurrent, IL) should be zero. To improve the efficiency of a solar 

cells it is desirable that the shunt resistance (Rsh) is infinitely large and series resistance (Rs) is 

close to zero. Often in thin films ‘shunt pathways’ are generated due to pinholes or crack 

between layers of the solar cell. These pathways cause the Rsh to drop and detriment the 

device performance. 

Figure 5.5: Equivalents circuit for a single p-n junction solar cell. 

(5.2) 

(5.3) 
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5.1.5 Shockley-Queisser Limit, Absorption of Light, and Ideal Absorber Materials 

The Shockley-Queisser (S-Q) limit is a 

calculated maximum theoretical conversion 

efficiency that a single p-n junction solar cell 

can achieve from a solar spectrum. The 

calculation not only predicts maximum solar 

conversion efficiencies, but also other solar 

cell parameters, such as the maximum 

theoretical FF, Jsc and Voc.2 

 There are many factors that limit the 

theoretical efficiency of a single junction 

solar cell. The most immediate is associated 

with the spectrum losses caused by the fixed band gap of the absorber material known as the 

‘ultimate efficiency function’. If the band gap of the light absorber is small (i.e. <1 eV) a larger 

of number of photons in the solar spectrum will possess energy to promote electrons across 

the band gap, generating more photogenerated carriers (thus higher Jsc), but with smaller 

potential energies (thus lower Voc). If the band gap is large (i.e. > 1.8 eV), fewer photons 

possess the energy to promote an electron across the bandgap, resulting in a smaller number 

of excited carriers (thus smaller Jsc), but with higher potential energies (thus higher Voc). Any 

energy that promotes an electron above and beyond the band gap will also be lost through 

the conversion to heat.  Subsequently the maximum power and conversion efficiencies from 

AM 1.5 G can be achieved with semiconductors possessing a band gap between 1-1.8 eV 

(Figure 5.6), where there is a compromise between the theoretical FF, Jsc, and Voc maximum.  

5.1.6 EQE measurements for PV Devices 

Measuring the EQE of a complete PV device follows the same principle described in Appendix 

B Section A.B.9. Instead of a semiconductor-electrolyte junction there is a solid state p-n 

junction with a built-in electric field. Current is measured under chopped illumination at 

different integers of wavelengths and the photocurrents are detected via a lock in amplifier. 

The photo currents are references against a standard photo diode with a known EQE and using 

Equation E.B.19 from Appendix B the EQE of the device can be measured. Furthermore the 

Figure 5.6: Shockley Queisser limit vs. band 
gap energy. Current record efficiency and 
respective band gaps for different absorber 
materials in the PV devices.  
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device may be subjected to a reverse and forward bias in order to understand effect of the 

depletion region and electric field has on the photocurrent generation/ spectral dependant 

EQE of the device.  

5.1.7 Thin film Solar Cells  

Thin film solar cells are part of an emerging class of photovoltaics that have a huge potential 

for the deployment of wide spread solar energy harvesting. The ‘thin film’ materials in this 

context are semiconductors that possess properties that overcome the limitations imposed 

by crystalline silicon (c-Si) PVs – ‘the standard first generation photovoltaic material’- in that 

thin film materials possess higher light absorption coefficients ( α > 104cm-1) and band gaps 

with optimum Shockley Queisser limits. This means that much thinner films (c.a. 10 nm to 2 

µm) of material are required to absorb the equivalent amount of light that a 100µm to 500 

µm silicon wafer would collect. The manufacturing methods used to deposit these materials 

are less energy intensive compared to c-Si.  These features makes thin film PV’s less material 

intensive and very promising for low cost device fabrication. With the exception of amorphous 

silicon, the thin film materials are compound p-type semiconductors. Of these, the major early 

stage thin film devices consist of either Cu(In,Ga)(S,Se)2 (CIGS), CuInS2 (CIS) and CdTe. There 

have been huge leap forwards in the development and understanding of these types of 

devices, which are reaching closer to their respective Shockley Queisser limits and today the 

maximum power conversion efficiencies of CdTe and CIGS devices are both ~21.0 %.3 

Furthermore the commercial CdTe and CIGS devices are at ~18.6 %,4 and  ~17 % module 

efficiencies.5 Today these thin film technologies make up 10 % of the global PV market, where 

First Solar and Global Solar/Hanergy are the leading companies in the manufacture of the thin 

film devices.6 Other key advantages of making these materials compared to c-Si is their 

tolerance to defects and grain boundaries, which allows for less stringent quality 

requirements.7 Currently there are many low cost manufacturing processes that can produce 

thin films of the poly crystalline materials onto both solid glass and flexible plastic substrates. 

However, for CIGS, CdTe and CIS devices are hindered by the fact that they contain either 

expensive, rare or toxic materials. The cost and availability of indium and tellurium are 

expected to economically restrict module growth when they reach a terawatt scale,8 

furthermore the toxicity of Cd has caused ongoing debates about the safety of CdTe for wide 

spread deployment, especially at the decommissioning stage.9  
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5.1.8 Sustainable Tin Based Thin film Solar Cells  

Even though the aforementioned first generation thin film PV technologies show promising 

properties for current and future industrial deployment, with conversion efficiencies 

continuously climbing to their respective S-Q limits, there is still a need for more sustainable 

light absorber materials. It has been of recent research interest to build PV modules using tin 

based semiconducting photo absorbers containing benign, non-toxic, abundant and low cost 

elements. Two highly anticipated absorber candidates are binary SnS and quaternary 

Cu2ZnSnS4 (Copper Zinc Tin Sulphide, CZTS).  

For reference, a typical thin film device structure is shown in Figure 5.7, in the case of SnS and 

CZTS, these two materials are p-type and form the important ‘absorber’ layer in the device 

and it is where majority of the light is absorbed, resulting in the excitation of electrons. The 

absorber layers are conventionally grown on a conductive and chemically stable back contacts 

often composed of molybdenum (Mo), but can also consist of a TCO, graphene or steel as well 

as other conductive substrates. The p-n junction is formed at the interface between the 

absorber layer and a optically transparent n-type semiconductor layer. The n-type component 

is conventionally composed of three layers; a ‘buffer’ layer, made of a thin film (~50 nm) of 

either metal oxide, CdS or Zn(Ox,S1-x), a thin (~10 nm) ‘insulator’ layer of i-ZnO (intrinsic)  and 

lastly an n-type transparent conductive oxide (TCO) top contact, consisting of either tin doped 

indium oxide (ITO), aluminium doped zinc oxide (AZO) or fluorine doped tin oxide (FTO). 

 

 

 

 

 

 

 

 
Figure 5.7: Schematic cross-sectional diagram of a typical thin film inorganic photovoltaic 
cell, specifically presenting the conventional materials used in each layer.  
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5.1.9 Thin film solar cells of α-SnS and Cubic-SnS Absorber Layers 

Even though the chemical composition and stoichiometry of the SnS polymorphs are formally 

the same, the structural, physical, optical and electrical properties are sufficiently different.  

α-SnS Solar Cells 

The α-SnS phase has been shown in this investigation and previous investigations to be an 

intrinsic p-type semiconductor, with an indirect band gap of 1.10 eV and direct band gap of 

1.37 eV, with high absorption coefficient, above 4 x 104 cm-1, at wavelengths less than 800 

nm.10 These properties make α-SnS a very promising material for thin film PVs. However, 

despite having a theoretical S-Q limit of ~32% (Figure 5.6), the efficiencies of α-SnS solar cells 

fall short of their theoretical maximum (current record efficiency stands at 4.4%).11  

There have been many studies looking at the fabrication of α-SnS solar cells, using a range of 

device structures via a range of deposition methods. The most recent advances in improving 

the solar cell performance has been optimising a large range of material properties within the 

entire device structure.  

The essential improvements have focused on ensuring the SnS film is phase pure and the 

morphology of the films possess large intercalated grains with minimal grain boundaries.  The 

layered nature of the α-SnS phase often causes anisotropic growth rates in the crystal 

formation when deposited as thin films, which has been shown to lead to needles, flakes or 

platelets.10, 12-18  This has created a challenge for fabricating α-SnS thin film photovoltaic 

devices, since the morphological implications can result in a high level of grain boundary 

defects and pin holes/ cracks as well as increasing the interfacial surface area at the p-n 

junction that can lead to higher recombination rates, device shunting or loss of light 

absorption. To minimise these negative features, it has been shown that annealing α-SnS films 

in an atmosphere of hydrogen sulphide at 400 oC increases the grain size and lowers grain 

boundary defects, but also affect the electrical properties of the films by increasing the hole 

concentration of SnS by a factor of 3 to 5.7 x 1015 cm-3.11, 19 Such process has not been 

undertaken in the α-SnS films reported in this study. 

Another step to improve the device performance has also been in the ‘conduction band 

engineering’ of the buffer layer. The chemical composition of the buffer layer is chosen such 

that there is not a large negative or positive conduction band offset (CBO) at the α-SnS/buffer 
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junction. Furthermore the electrical properties of the Zn(O,S) layer, in terms of carrier 

concentration, must be considered, and it has been shown that significant nitrogen doping is 

required to reduce the carrier concentration of  the buffer layer and prevent device shunting.20  

Interestingly, prior buffer layer deposition it has been shown that surface oxidation of the α-

SnS absorber layer can passivate the surface of the SnS and improve the efficiency of 

completed devices. The simple process of exposing the SnS films to an atmosphere of air for 

24 hrs can lead to significant surface oxidation, which achieves this enhancing effect on the 

solar conversion efficiency.11, 21 It is predicted that this step either acts as a diffusion barrier 

at the SnS/Zn(O,S) heterojunction either preventing sulphur loss, preventing diffusion of Zn2+ 

ions across the junction or passivates trap states on the surface of α-SnS.  

 All these device optimisation stages have been considered by the Harvard and M.I.T. groups 

in order to achieve the highest α-SnS device efficiencies of 3.88 % and 4.36 %, where the α-

SnS layer is deposited using either high vacuum evaporation or ALD techniques, 

respectively.11, 21 It is predicted that further optimisation can be achieved by preventing 

shunting within devices, increasing the doping density of the α-SnS absorber layer and 

optimising the band alignment of the buffer layer by creating a small spike in the CBO. 

Recently, alternative device fabrication methods and structures have also been demonstrated 

using α-SnS as an absorber layer, and device efficiencies have ranged from 0.20 % to 2.81 %. 

Some of the device structures include inorganic/organic heterojunctions (ƞ = 2.81% and 1.2 

%),15, 22 homo-junctions of n- and p-type α-SnS nanowires (ƞ = 1.95 %),23 heterojunctions of α-

SnS/CdS (ƞ = 1.60 %, 1.49 % and 1.30 %),24-26 heterojunctions of α-SnS/ZnMgO (2.10 % and 

2.02 %)14, 27 and heterojunctions at the TiO2/α-SnS quantum dots interfaces (0.20 %).28 

Although not as efficient as the champion devices (3.88 % and 4.36 %), it is worth considering 

the scope of device structures that α-SnS can be utilised and has been tested in.  
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Cubic-SnS Solar Cells 

In contrast, Cubic-SnS is the metastable SnS phase and is often deposited via chemical 

deposition routes at low temperatures <300 oC. Cubic-SnS has been shown in this work and 

previous investigations to have a larger direct band gap ranging from 1.68-1.78 eV and a high 

absorption coefficient of 4 x 104 cm-1, at wavelengths below 600 nm.10, 22, 24, 29-32 Following 

Ostwald's rule it is likely that the Cubic-SnS phase is initially formed when depositing films of 

SnS, but rapidly undergoes a phase transition to the most stable α-SnS polymorph at higher 

temperatures. Similarly, Cubic-SnS has also been shown to be intrinsically p-type in some case, 

although the photoconductivity is two orders of magnitude smaller that the α-SnS 

polymorph.31, 32  Although, the Cubic-SnS samples presented in this work exhibit ambipolar 

photocurrent behaviour from photoelectrochemical measurements, suggesting the cubic 

polymorph may exhibit compensated electrical properties. It is worth noting that the Cubic-

SnS structure possess salient features arising from its (P213) space group, which lacks a centre 

of symmetry. This structural feature could potentially mean that the Cubic-SnS phase 

possesses piezoelectric properties, light polarising activity, and even enantiomorphism, 

although yet to be confirmed experimentally.33 

Due to the high lattice symmetry of the Cubic-SnS structure, it can be assumed that the growth 

rate of Cubic-SnS crystals will be uniform across all axis/faces compared to the α-SnS 

polymorph. This feature can be observed by examining the morphologies of the majority of 

the Cubic-SnS thin films deposited in this study and those deposited previously by chemical 

routes; they possesses cubic like crystallites resulting in compact and uniform thin films, 

absent of pin holes, thus restricting the possibility of shunt pathways in full devices.10, 32   

 

 

 

 

 

 

Device Structure 
Voc 

(mV) 

Jsc 

(mA 
cm-2) 

FF Ƞ (%) 
Year 
[Ref.] 

Ag/Cubic-SnS/CdS/FTO 
 

340 - - - 2008 [31] 

Ag/(Cubic+α)SnS/CdS/FTO 
 

400 0.085 - - 2008 [31] 

Ag/α-SnS/Cubic-SnS/ 
CdS/FTO 

370 1.23 0.44 0.2 2009 [24] 

SS/Cubic-SnS/ 
CdS/ZnO/AZO 

470 6.23 0.44 1.28 2015 [32] 

Table 5.1: Overview of the published PV device parameters, using the Cubic-SnS as an 
absorber layer. 

 



An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for Applications in 
Energy Harvesting Devices 

 

- 235 - 

Even though the morphological features of the resultant films are more appealing for 

fabricating photovoltaic devices, the optical and electrical properties of the cubic polymorph 

is less desirable. Firstly, the band gap for this material has been reported to be large (1.68-

1.78 eV),10, 24, 29-32 consequently a small fraction of the solar spectrum can be used to generate 

photo generated charge carriers, as calculated by P.K.Nair et al. the maximum theoretical 

short circuit current density (Jsc) for a device made from Cubic-SnS is 21.7 mA cm-2, with a S-Q 

limit of ~26 %.30 In addition, although cubic-SnS has been characterised as a p-type 

semiconductor, previous studies and our investigations have shown that Cubic-SnS films are 

compensated and the hole charge carrier density is significantly smaller than the α-SnS films.34 

In further contrast to the α-SnS polymorph the number of previously fabricated devices using 

the Cubic-SnS polymorph is not as prolific. So far the majority of Cubic-SnS solar cells have 

been characterised by P. K Nair et al., who fabricated the first Cubic-SnS solar cell in 2008.31 

Table 5.1 presents the chronological progress of this research group, following the 

development PV devices consisting of either mixed Cubic-SnS/α-SnS or exclusively Cubic-SnS 

absorber layers. There has been significant progress with Cubic-SnS device efficiencies, with 

the current record efficiency of 1.28 %, achieved by a Cubic-SnS absorber layer deposited onto 

stainless steel substrates and a subsequent deposition of a CdS buffer layer, i-ZnO insulator 

and aluminium doped zinc oxide (AZO) top contacts with a device area of 1 cm2. 

The deposition route used in the current record efficiency Cubic-SnS devices is via a low 

temperature method in which the Cubic-SnS film is grown from CBD at 17 oC over a period of 

30 hrs to achieve a film thickness of 550 nm. Furthermore, the main focus of improving the 

device efficiency is by increasing grain size of the ~20 nm crystallites, to increase the carrier 

life time.32  

It is clear that the polymorphism in SnS presents a very interesting case for investigation and 

there is still a lot to discover about the potential application of both materials, which in turn 

may be used to improve the device efficiencies of successive SnS solar cells.  
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5.2 SnS Thin Film Solar Cells with Various Device Configurations 
 
The SnS absorber layers have been selectively deposited via AA-CVD using a precursor 1 to 

produce ~ 1 µm films of Cubic-SnS at 300 oC or α-SnS at 375 oC over a period of 100 mins. It 

was also of interest to investigate the effects of back contact/substrate modification on device 

performance and both polymorphs of SnS were initially deposited onto three types of 

substrates Mo, FTO and mesoTiO2-FTO, described below: 

Multi Layered Molybdenum (Mo):  The optimised ~800 nm Mo films consist a 200 nm seed 

layer of Mo with low conductivity and a 600 nm conductive layer grown on glass. 

Fluorine Doped Tin Oxide (FTO): Blank TEC 7 FTO substrates purchased from Sigma Aldrich. 

FTO Coated with Amorphous Rutile Phase TiO2 (mesoTiO2-FTO): The substrates consist of the 

FTO substrate with a mesoporous ~ 50 nm TiO2 layer deposited on top.  

 The SnS devices were subsequently completed using the same deposition methods. Firstly 

the ~ 50 nm n-type CdS buffer layer was deposited onto the SnS by CBD, then a ~10 nm layer 

of i-ZnO and a 200 nm ITO layer was applied via RF sputtering. Resultantly six different device 

types were fabricated and investigated in this study, as shown in Figure 5.8. 

 

 

 

 

 

 

 

 

 

 
Figure 5.8: Illustration of the six device structures investigated in this chapter.  
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Another interesting feature for improving device efficiencies of SnS based solar cells is through 

the conduction band alignment and engineering of the buffer layer, as achieved by the 

Harvard and MIT groups using various stoichiometries of zinc oxy-sulphide thin films.11, 21 

Interestingly, via atomic layer deposition (ALD) of zinc oxysulfide [Zn(O,S)] and further doping 

with nitrogen to lower the charge carrier concentration, an optimum buffer layer is formed at 

the junction of α-SnS solar cells, when the zinc to sulphur stoichiometry is at a 1:0.14 ratio.11 

In this study many attempts were made to create photovoltaic devices with a zinc oxysulfide 

buffer layers, which were deposited onto the SnS samples using a chemical bath deposition 

(CBD) method. However, all devices fabricated via this method did not form a rectifying 

junction as seen in Appendix C Figures C.4.1 and C.4.2.  After these initial trials, such devices 

were dropped from the study. Subsequently, devices using a CdS buffer layer only generated 

a rectifying junction and a photo voltaic effect was observed. Therefore, all devices carried 

forward in this study only use a CdS buffer layers, even though it is known that this is not the 

ideal buffer layer for α-SnS solar cells.  

5.2.1 Characterisation of the α- and Cubic-SnS Absorber Layers   

Before completing the devices the deposited α- and Cubic-SnS absorber layers were 

characterised by XRD analysis to determine an estimate of the lateral uniformity and 

polymorph purity of SnS on the three different substrates (Mo, FTO and mesoTiO2-FTO). 

The XRD spectra, shown in Figure 5.9, presents the six different samples. It is clearly apparent 

that selection of deposition temperature preferentially deposit either the α-SnS or Cubic-SnS 

polymorphs. At a deposition temperature of 375 oC the diffraction patterns match peaks 

belonging to the α-SnS phase, and there appears to be no significant preferential orientation 

on Mo, FTO or mesoTiO2-FTO substrates. Furthermore at a deposition temperature of 300 oC 

preferential formation of the Cubic-SnS phase is apparent. Interestingly, on all three 

substrates the Cubic-SnS diffraction pattern is present and intense, however on the mesoTiO2-

FTO substrate, there are low intensity diffraction peaks that can be identified as belonging to 

the α-SnS polymorph. This indicates these samples are not polymorph pure, but have 

preferentially deposited the Cubic-SnS polymorph through temperature control.  
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Figure 5.9: Powder X-ray Diffraction (PXRD) analysis of the as-deposited films of either α-SnS or Cubic-SnS. (A) Mo\α-SnS, (B) FTO\α-SnS, 
.(C) mesoTiO2-FTO\α-SnS, (D) Mo\Cubic-SnS, (E) FTO\Cubic-SnS, and (F) mesoTiO2-FTO\Cubic-SnS. 
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5.3 Results and Discussion  
 

A comparison of the performance data of devices with different structures is shown in Table 

5.2, these parameters reveal the optimised devices, which have been annealed under 

different hot plate conditions post fabrication.  

 

 

 

5.3.1 Characterisation of Solar Cells Containing the α-SnS polymorph  

Efficiency Measurements of Devices A and B 

The highest efficiency devices are composed of α-SnS polymorph, which has a smaller band 

gap energy ideal for solar energy conversion (Egindirect 1.11 eV, and Egdirect 1.32 eV). It is clear 

that the FTO and Mo back contacts did not have a significant effect on the performance of 

devices A and B. The average device performance using FTO as a back contact showed higher 

efficiencies. The two devices consisting of different back contacts produced comparatively 

high photocurrents (Jsc = 12.96 and 12.78 mAcm-2), but the limiting open-circuit voltages (Voc 

= 135 and 144 mV) were severely detrimental to the device performance.  It is clear that the 

CdS does not act as an ideal buffer layer to form a junction with α-SnS films and this has been 

demonstrated by many other studies.24, 25, 35-37 The high Jsc, but low Voc is indicative of high 

recombination rates at the p-n junction possibly a result of the large negative conduction band  

Device Structure 

(Absorber Thickness) 

Eff.         
(ƞ %) 

Jsc 
(mAcm-2) 

Voc 
(mv) 

FF   
(%) 

α-SnS     

(A) - Mo\α-SnS (~1 µm) 0.82 12.96 135 47 

(B) - FTO\α-SnS (~1 µm) 0.88 12.78 144 48 

(C) - mesoTiO2-FTO\α-SnS (~2 µm) 0.1 3.74 85 31 

Cubic-SnS     

(D) - Mo\Cubic-SnS (~800 nm) 0.21 5.96 133 27 

(E) - FTO\Cubic-SnS (~1.75 µm) 0.15 3.40 113 42 

(F) - mesoTiO2-FTO\Cubic-SnS (~2 µm) 0.41 5.40 217 34 

Table 5.2: Overview of characterisation data using various device structures with either 
Cubic-SnS or α-SnS, included are average film thicknesses of the SnS absorber layers 
measured via microscopy. All devices were completed with a CdS buffer layer via CBD and 
subsequent sputtering of i-ZnO and ITO. Efficiency measurements were carried out on  3 mm 
by 3 mm (0.09 cm2) pixels, at 25 oC, under a standardised AM 1.5 G solar lamp.  
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offset at the SnS/CdS junction that have been reported to be c.a. -0.4e V in previous studies.38  

It can also be suggested that the decrease in Voc may be a consequence of surface roughness 

in the absorber layer, since the larger area of the p-n interface can increase the probability of 

interfacial recombination. However, the photocurrent generation (Jsc) is sufficient with limited 

amount of current blocking. In addition the fill factor for these devices are close to 50 %, which 

is relatively high. The dark and light J-V curves are significantly different and the dark curves 

indicate minimal dark currents and high shunt resistance (Rsh ~40 Ωcm-2) at reverse bias.  The 

highest device efficiency was achieved after 20 minutes of hot plate annealing at 200 oC and 

3 hours of light soaking under AM 1.5 G illumination.  

 

 

  

B(i) 

A(ii) 

A(iii) 

B(ii) 

B(iii) 

Table 5.3: (i) J-V Curves of Devices A and B after different post fabrication hot plate 
annealing treatments. The J-V curves of the highest efficiency measurements (bold) 
under illumination (green) and in the dark (black).  (ii) Illustration and (iii) photograph 
of devices A and B.  
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Microscopy Analysis of Devices A and B 

The top down and cross-section SEM images of devices A and B are shown in Figures 5.4 and 

5.5. The crystallite morphologies of the two devices are very similar and the α-SnS absorber 

layer are of equivalent thicknesses. Polycrystalline α-SnS grains are tightly packed together 

although apparent troughs and peaks are generated in the surface topology caused by 

elongated morphologies of the crystallites. This causes the subsequent CdS, i-ZnO, and ITO 

layers to bridge across the tips of the crystallites and not making complete contact with the 

entire top surface of the α-SnS layer. This limited interaction would significantly affect the 

degree of charge separation and area in which a p-n junction is formed, thus lowing the 

efficiency of the device.  Although the α-SnS absorber layers is composed of elongated 

crystallites with defined trenches between them, it is clear that the top contact is sufficiently 

separated from the back contact minimising shunt pathways in the device, which supports 

what is observed in the J-V curves, where the (dark) reverse bias currents are small and shunt 

resistance is 35 to 40 Ω.  

 

 

 

 

 

 

 

 

 

 

 

 

a) 

1 μm 

1 μm 

d) 

Figure 5.4: SEM images of device A with Mo\α-SnS\CdS\ITO structure. a) Cross section 
at x 20 K mag. b) Top down image of a sliced section revealing each film layer with false 
colour, at x 10 K mag. c) Cross section at x 5 K mag. d) Top down image of the ITO layer 
at x 4 K mag.  
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Efficiency Measurements and Microscopy Analysis of Device C 

Interestingly, the devices in which α-SnS have been deposited onto FTO substrates with a 

mesoporous TiO2 layer, exhibited diminished performances device efficiencies (η ≈ 0.1 %). 

With the Jsc, Voc and FF decreased compared to devices fabricated from α-SnS on Mo and FTO 

back contacts (see Figure 5.6). The reasons for the poor performance are attributed to poor 

device quality and a low shunt resistance (Rsh). The dark J-V curve indicates a large degree of 

shunting in the devices signified by the linear increase in current under non-illuminated 

reverse bias, Figure 5.6. The shunting maybe be a result of the elongated crystals of α-SnS 

formed during the deposition. The crystallites appear to have grown dispersed and in an 

unordered arrangement resulting in large crevices between grains. Consequently, the 

deposited ITO film emulates the surface contours of the α-SnS crystallites, as observed by the 

top down SEM images, seen in Figure 5.7. It is likely that shunt pathways can be formed 

between the large crystallites. It is worth noting that the film thickness of the α-SnS layer in C 

(~1.75 µm) is much larger than the α-SnS layer in A (~1.0 µm) and B (~1.25 µm) (Figure 5.5 

and 5.6). 

a) 

1 μm 

d) 

b) 

ITO 

α-SnS 

1 μm 

FTO 

c) 

1 μm 

Figure 5.5: SEM images of device B with FTO\α-SnS\CdS\ITO structure. a) Cross section at 
x 20 K mag. b) Top down image of a sliced section revealing each film layer with false colour 
at x 10 K mag. c) Cross section at x 5 K mag. d) Top down image of the ITO layer at x 4 K 
mag.  
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C(i) 

C(ii) 

Table 5.6: (i) J-V Curves under illumination (red) and in the dark (black) for device C. 
(ii) Illustration of device C.  

 

1 μm 

1 μm 

a) b) 

c) 

Table 5.7:  SEM images of device C with FTO\ meso-TiO2\α-SnS\CdS\ITO structure.  
a) Cross section at 10 K mag. b) Top down image of the rough top ITO layer deposited 
onto the α-SnS crystallites, at 20 K mag. c) Top down image of the rough top ITO layer 
deposited onto the α-SnS crystallites, at 4 K mag. 
 

Cross 
Over 

Device C 

Device C 



I. Y. Ahmet 
 

-244- 
 

5.3.2 Characterisation of Solar Cells Containing the Cubic-SnS polymorph 

Efficiency Measurements of Devices D, E and F 

Cubic-SnS devices containing a back contact of FTO coated with a film of mesoporous TiO2 

(Device F) produced the highest PV efficiencies for devices with this polymorph. It was 

interesting to note that the device performance of F would degrade rapidly with 20 minutes 

of hot plate annealing at 200 oC and continued to decrease with subsequent heating, but still 

maintained a rectifying behaviour after 4 hours. However, treating the as deposited devices 

to lower hot plate annealing temperatures the device performance improved with prolonged 

heating times, where the highest efficiency devices were reached after 4 hours of hot plate 

annealing at 150 oC, with an efficiency of 0.41 %. Further annealing at 150 oC over 4 hours 

caused no obvious change in device performance, and subsequent higher temperature 

annealing at 200 oC once again showed significant degradation of the device performance 

(Figure 5.8).  

 

 

 

 

 

 

 

 

 

The optimised devices showed higher Voc (217 mV) values compared to best devices with α-

SnS polymorph, but lower photocurrents were achieved (Jsc = 5.4 mAcm-2). This can be 

attributed to the wider and less desirable band gap energy of the Cubic-SnS polymorph (1.72 

eV), resulting in a smaller number absorbed photons within the preferred region of the solar 

Table 5.8: (i) J-V Curves of device F after different post fabrication hot plate annealing 
treatments. J-V curves of the highest efficiency measurements (bold) under illumination 
(green) and in the dark (black).  (ii) Illustration and (iii) photograph of device F.  
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spectrum, successively lowering the potential charge carrier generation. Interesting Device F 

was translucent and red by transmission with white light illumination (Figure 5.8). 

Interestingly, as can be seen by comparison of the reverse bias region of dark and light J-V 

curves for the optimised device F, photo current generation increases significantly with 

increased negative polarisation, whilst the dark current remains minimal. To investigate this 

further, EQE measurements were collected from device F at different reverse bias potentials 

to understand the extent at which reverse bias band bending can increase the amount of 

photocurrent collected at the junction, shown in Figure 5.9. These results show that with 

increased reverse bias the overall EQE increases, where the maximum EQE of F is at 520 nm 

and ~54% under 0V, and goes to ~65 % under -2.0 V. The estimated Jsc that may be obtain 

from the EQE spectrum under AM 1.5 G from the EQE spectrum collected at 0 V and -2.0 V 

increases from 7.71 and 11.00 mA cm-2 (assuming current generation is liner to photon 

intensity). Speculatively, this information reveals that is possible to extract greater 

photocurrents if the devices could be modified (possibly through lowering the carrier 

concentration) to increase the degree of band bending at the p-n junction, as is induced by 

reverse bias polarisation, (increasing the width of the space charge region, see Figure 5.3). It 

could be expected from this that there will be sufficiently more charge separation at the 

junction, and a greater Jsc
 may be observed during efficiency measurements (It should be 

noted it is un-assumed what effect this modification may have on the Voc and FF). 

 

 

 

 

 

 

 

 
  

Table 5.9:  EQE measurements of device F under different reverse bias potentials (0.0 to 
-2.0 V). Presented are the calculated Jsc expected from the EQE of Device F at 0.0 V  and -
2.0 V under AM 1.5 G illumination assuming the photocurrent density and light intensity 
follow a linear relationship and EQE remains constant.   
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Cubic-SnS devices fabricated with a Mo back contact (Device D) had a low maximum device 

efficiency of 0.21 % after 4 hours of hot plate annealing at 150 oC. Although these devices 

generated a respectable Jsc of 3.74 mA cm-2, the Voc was severely depleted (133 mV). 

Furthermore dark J-V curve measurements indicated a degree of shunting within these 

devices (Figure 5.10). The lowest performing Cubic-SnS devices consisted of an FTO back 

contact (Device E) and reached a maximum efficiency of 0.12 %, also after 4 hours of hot plate 

annealing at 150 oC. The FF for this device was 42 %, which was the highest of the three Cubic-

SnS containing devices, but both Voc (113 mV) and Jsc (3.40 mAcm-2) were compromised (Figure 

5.10).  Furthermore Device E was also translucent and deep red by transmission with white 

light illumination (Figure 5.10, E(iii)). 
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Device E 

Table 5.10:  (i) J-V Curves of Devices D and E after different post fabrication hot plate 
annealing treatments. The J-V curves of the highest efficiency measurements (bold) 
under illumination (green) and in the dark (black).  (ii) Illustration and (iii) photograph of 
devices D and E . 
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Microscopy Analysis of Devices D, E and F 

The top down and cross-section SEM images of devices D, E and F are shown in Figures 5.11, 

5.12 and 5.13, respectively. From inspection of the cross section the thickness of the Cubic-

SnS layer varies from ~0.8 µm in D, to ~1.75 µm in devices E, and F. It appears that even though 

the Cubic-SnS layers deposited following the same AA-CVD deposition parameters the growth 

rates on FTO and mesoporous-TiO2 coated FTO are much larger than on the Mo substrate in 

D. Furthermore the grain size and morphologies are different; the Cubic-SnS layer grown on 

FTO in E and mesoporous-TiO2 coated FTO in F, form very large interpenetrating crystallites 

that, which generate a rough surfaces. The subsequent buffer, insulator and top contact layers 

follow the contours formed by the large crystallites (~600 by ~400 nm), which is observed 

form the top-down SEM images of E and F (Figures 5.12 and 5.13). In contrast the Cubic-SnS 

layer on Mo substrates form smaller polycrystalline grains which create a smoother top 

surface, as is obvious from the top down images of device D (Figure 5.11). The SEM analysis 

of device E, presented some pin holes in the absorber layer in the top and bottom contacts 

are touching. These features will causes a large degree of shunting and support the 

observation of large dark current produced in the J-V analyse of E, see Figure 5.10. 
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1 μm 

Device D a) b) 

c) 

Figure 5.11: SEM images of device D with Mo\Cubic-SnS\CdS\ITO structure. a) Cross 
section at 20 K mag. b) Cross section at 15 K mag. c) Top down image of the ITO layer 
at 4 K mag. 
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Figure 5.12: SEM images of device E withFTO\Cubic-SnS\CdS\ITO structure. a) Cross 
section at 10 K mag. b) Top down image of the rough top ITO layer deposited onto 
the Cubic-SnS crystallites, at 15 K mag. c) Top down image of the ITO layer at 1 K mag. 
 

1 μm 

1 μm 

a) b) 

c) 

Device E 

1 μm 

b) a) Device F 

10 μm 

c) 

Figure 5.13: SEM images of complete devices with the FTO\meso-TiO2\Cubic-
SnS\CdS\ITO structure. a) Cross section at 10 K mag. b) Top down image of the rough 
top ITO layer deposited onto the Cubic-SnS crystallites, at 15 K mag. c) Top down 
image of the ITO layer at 1 K mag. 
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5.3.3 The Effects of Device Hot Plate Annealing on the Jsc and EQE Spectrum 

α-SnS 

It is apparent that for all devices, using a post optimisation treatment by annealing in air can 

improve the device performances. Most specifically hot plate annealing effects the Jsc. 

Therefore, in order to monitor the effect of post fabrication annealing on device parameters, 

EQE measurements were undertaken at each intervals of the hot plate annealing process from 

as-deposited devices to the optimisation point, to thermal degradation.  

The optimised temperature and time used during the hot plate treatment depended 

significantly on the polymorph of SnS within the devices. For devices containing the α-SnS 

polymorph (A, B, and C) hot plate treatment at 150 oC for 20 min, 40 min, 1 hour and 4 hours 

had no significant effect on the device performance. However, using a hot plate temperature 

of 200 oC and an annealing time of 20 minutes, device efficiencies improved significantly. As 

can be seen from the EQE spectra of devices A and B, shown in Figures 5.14 and 5.15. 

Specifically looking at the EQE’s of device B, it is obvious that hot plate annealing (at 200 oC 

for 20 minutes), can improve the current extraction and the EQE increases at all photon 

energies. However, prolonged annealing at 200 oC has detrimental effects on the device 

performance, where the EQE decreased after 40 minutes of annealing, subsequently the 

devices became completely shunted after 1 hour of annealing at 200 oC. A similar effect can 

also be seen in the other two devices (A and C) containing the α-SnS polymorph.  

 

 

 

 

 

 

 

 Figure 5.14:  EQE measurements of device A after different hot plate annealing times. 
Presented are the calculated Jsc expected from the EQE spectrum. 
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Interestingly, close examination the EQE spectrum of the two best performing devices (A and 

B) containing the α-SnS polymorph with either a Mo or FTO back contact can reveal 

information about the crystalline quality of the α-SnS films, the mobility/recombination of 

photo generated charge carriers, and the current extraction and collection at the p-n junction/ 

back contact. The maximum EQE for each device were 54 % at 555 nm for A, with a Mo back 

contact, and 44 % at 575 nm for B, with an FTO back contact. It is clear that there is a significant 

amount of current losses at larger wavelengths closer to the band gap energy (1.1 eV/110nm). 

Photocurrent losses from this region of the solar spectrum indicates significant bulk or back 

contact recombination of excited charge carriers. Furthermore, the overall decrease in the 

total EQE spectrum is a result of low diffusion length of minority charge carriers (<1 µm) within 

the SnS absorber layer, which can be caused by the device junction, high defect concentration 

and poor crystalline quality of the α-SnS layer or a result of a small space charge region at the 

p-n junction. Photocurrent losses at lower wavelengths (<500 nm) is also apparent. Since 

these photons are greatly absorbed at the surface of the device, these current losses can be 

contributed to high recombination rates at the p-n junction, caused by a small minority carrier 

diffusion length (<0.1 µm) of CdS emitter layer, poor conduction band alignment and high 

front surface recombination velocity between the α-SnS and CdS emitter layer. The short 

circuit current densities (Jsc) predicted from the best EQE spectrum from devices A and B are 

11.82 and 11.81 mAcm-2, respectively, and closely match values measured from illuminated J-

V curves, which are 12.96 and 12.78 mAcm-2, respectively (see Chapter 4). 

Figure 5.15:  EQE measurements of device B after different hot plate annealing times. 
Presented are the calculated Jsc expected from the EQE spectrum. 

 

 

 

 

Device B 
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Cubic-SnS 

For devices containing the Cubic-SnS polymorph, hot plate treatment at 200 oC was 

significantly detrimental to the device performance at any annealing time from 20 mins to 4 

hrs and all devices decreased in efficiency and were completely shunted after 40 minutes.  

However, annealing at 150 oC improved the device efficiencies. Similarly, hot plate annealing 

increased the short circuit current density. Interestingly, prolonged annealing at 150 oC, for 4 

hours, sufficiently improved the device performance and the EQE values increased with each 

time period of annealing. After 4 hours of annealing at 150 oC there was no apparent increase 

in device efficiencies or increase in EQE values.   

Examination of the EQE spectra for device F with the FTO/meso-TiO2/Cubic-SnS/i-ZnO/ITO 

structure, it is clear to see the effect of hot plate annealing has on the profile of current 

extraction (see Figure 5.16).  

 

 

 

 

 

 

 

 

 

There is a distinctive increase in EQE with each annealing step. As-deposited devices reached 

a maximum EQE of 33 % at 510 nm and after 4 hours of annealing this increased to a maximum 

of 54 % at the same wavelength. The peak in the EQE spectra is a result of two processes. At 

wavelengths >510 nm there is a photocurrent onset from 750 nm as more photons with larger 

energies become increasingly absorbed by the Cubic-SnS absorber layer as the absorption 

Figure 5.16:  EQE measurements of devices D and F after different hot plate annealing times. 
Presented are the calculated Jsc expected from the EQE spectrum. 
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coefficient increases at energies higher than the band gap (~1.72 eV).  At wavelength <510 nm 

the band gap energy of the CdS layer is reached and photons are increasingly absorbed by the 

CdS layer infront of the Cubic-SnS layer. An abrupt decrease in EQE at decreasing wavelengths 

signifies high levels of interface recombination, caused by a number of material and electrical 

factors, such as a large CBO or high number of defects at the p-n junction as discussed above.  

Device Improvements through Hot Plate Annealing 

There are a number reasons why post fabrication annealing can improve the device 

performance and increase the photocurrent collection. The same effect has been observed in 

other type’s thin film photovoltaic devices based on Copper Indium Gallium Selenide (CIGS) or 

Copper Zinc Tin Sulfur/Selenides (CZTS/Se) absorber layers, the improvements have been 

attributed to the following: 

-Inter-diffusion of Cd2+ ions: Annealing of complete devices with a CdS/CIGSSe p-n junction 

have been investigated previously. It has been demonstrated that annealing of complete 

devices at 150 and 200 oC can significantly increase the EQE and subsequently the device 

efficiencies.39 Other investigations have shown that higher annealing temperatures up to 360 

oC with 30 minutes annealing (or 30 second annealing with rapid thermal annealing, RTP), can 

improve the device efficiencies with a similar effect on the EQE. However, with annealing 

temperatures above 400 oC devices become shunted or there is significant loss in the device 

performance.40, 41 Using secondary ion mass spectroscopy (SIMS) depth profiling of the 

devices fabricated in these studies have shown that the diffusion of Cd from the junction to 

the absorber layer is significant after post annealing treatment and Cd can be detect up to a 

depth of 500 nm. The Cd intrusion into the CIGSSe layer is predicted to improve the device 

efficiency by passivating intrinsic defects such as Vcu and therefore reducing the probability of 

defect recombination.39  

A recent study of the effects of Cd on the photoluminescence of CZTS films reveals that points 

defect passivation can also be achieved with Cd at the CZTS/CdS interface.42 
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-Increased Space Charge Region (SCR): Electron beam-induced current (EBIC) analysis shows 

there is a significant increase in the space charge region (SCR) at the hetero junction after 

annealing complete devices with a CdS/CIGSSe p-n junction. An increase in the SCR implies a 

decrease in the density of carriers and will assist the degree of carrier separation at the 

junction and therefore increase the EQE. However, a large SCR will result in a lower built-in 

potential resulting in a decrease in Voc.41 Both these changes in the solar parameters are also 

witnessed after post annealing the SnS devices within this current study.  

Other plausible factors leading to improved device performance can be that annealing at high 

temperatures increases the crystallinity of the absorber and buffer layer. Bulk defect and 

impurity diffusion is also increased at elevated temperatures, thus removal of bulk defects or 

impurities by diffusion to the crystalline surface is also a plausible factor. Although elevated 

temperature may also induce defect formation. 

However, hot plate annealing of SnS and CdS in air (low sulphur atmosphere) could result in a 

high degree of sulphur loss or even surface oxidation as shown in chapter 4. For the SnS the 

loss of sulphur will result in high concentrations of sulphur vacancies (VS). VS defects have been 

shown to generate four hole carriers for every defect site via the succeeding formation of SnS
X 

and VSn’’ defects. Therefore, by increasing the concentration of VS in α-SnS film through 

annealing can heavily dope the absorber layer. Creating heavily doped surface can decrease 

the space charge region at the p-n interface and also decrease the minority charge diffusion 

length. In addition, SnS
X and VSn

’’ defects may act as catalytic sites for charge carrier 

recombination. Therefore, excessive loss of sulphur in SnS films can be detrimental to device 

performance, as is observed.11 
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5.3.4 Band Gap Calculations from EQE Spectra 

The EQE measurements of devices containing either α-SnS or Cubic -SnS showed an onset of 

photocurrent generation at the respective band gap energies of the two polymorphs. As can 

be observed, the EQE spectra are distinctly different with respect to the photon energies at 

which photocurrents are produced. However, calculated band gap energies from EQE 

spectrum can reveal deviations in band gap energies for the different device structures of α-

SnS or Cubic-SnS, see Figure 5.16. Assuming the limiting parameter in these solar cells are the 

small minority carrier diffusion lengths, by a simple rearrangement of the Gärtner equation, 

then followed by substituting the expression for the absorption coefficient (α) the following 

expression can be made:  

−Ln (1 − ϕ) = 𝑊𝐴(ℎ𝑣 − 𝐸𝑔)
1
2

   

Using this expression a plot of [ln(1- Φ)]2 against hv yields a straight line that can be 

extrapolated to intersect the x-axis, where hv = Eg, thus this can be used to determine the 

band gap energy of the photo absorber,  

From Figure 5.17 (a), the calculated direct band gaps of devices using α-SnS (Devices A, B, and 

C) range from 1.26 – 1.29 eV. The variation of band gap energies may be a result of 

experimental error, varied photoelectrical responses of different devices combined with the 

deviation of film thicknesses for the SnS absorber layers. These band gap energies for α-SnS 

are significantly lower than the band gaps energies calculated from UV-Vis-IR optical 

measurements (1.32 eV) presented in Chapter 4 Section 4.3.1. However, these values are 

close to the calculated band gaps from the photoelectrochemical EQE measurements of α-SnS 

films on Mo.10  

From Figure 5.17 (b), the calculated direct band gaps of devices using Cubic-SnS do not vary 

significantly 1.71 – 1.72 eV and are slightly higher than values calculated from 

photoelectrochemical EQE measurements (1.70 eV) of Cubic-SnS films deposited onto Mo and 

lower than values calculated from optical measurements (1.78 eV) presented in Chapter 4 

Section 4.3.1.10  

  

(5.4) 
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5.3.5 The Effects of Back Contact on Device Performance and SnS Growth Rate 

It is important to identify that the device performances drastically varied depending on the 

substrate used. Furthermore there appeared to be an increase in the growth rates for both 

SnS polymorphs on FTO and mesoporous TiO2 coated FTO compared to Mo, where the largest 

growth rates are observed on the TiO2. Except selection of deposition temperature to produce 

either α-SnS (at 375 oC) or Cubic-SnS (at 300 oC) polymorphs, the same depositions conditions 

were used for the formation of all SnS absorber layers. The overall deposition time (100 min), 

precursor concertation (0.08 M) and solvent (Toluene), reactor design, and substrate 

arrangement, were kept the same. However, a significant increase in film thickness and 

growth rates is observed when the mesoporous TiO2 layer is applied to the FTO substrates. 

These observations might be a result of a number of contributing factors: 

Increased Density of Nucleation Sites – The rough surface formed by the mesoporous TiO2 

layer can contain a greater number of nucleation sites that catalyse the epitaxial growth of 

the SnS.  

Chemical Activation of the Substrate Surface – TiO2 may provide the ideal surface chemistry 

for the growth of SnS. Although it has not been observed via SEM in this study, molybdenum 

substrates have been shown to under-go sulphurisation or selenization during deposition of 

Table 5.17:  Band gaps for devices (a) A,B and C and (b) D,E, and F calculated from EQE 
measurements of complete devices at zero potential. * These data plots are taken from 
EQE measurements made from photo electrochemical analysis of the (a) α-SnS and (b) 
Cubic-SnS films as deposited onto Mo and presented in Chapter 4. 

 

 

 

 

*Mo/Cubic-

SnS [1.70 eV] 

D  [1.72 eV] 

E  [1.72 eV] 

F  [1.71 eV] 

*Mo/α-SnS 

 [1.28 eV] 

A  [1.27 eV] 

B  [1.26 eV] 

C  [1.29 eV] 
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CZTS/Se, to form the layered materials MoS2 or MoSe2. It has been shown that the addition of 

a ZnO nano-layer to the Mo surface, these processes can be inhibited.43, 44 These thermally 

stable layered molybdenum chalcogenide (MoCh2) materials are less chemically active 

towards epitaxial growth. The TiO2 and FTO substrates are less likely to undergo sulfurization 

and contain terminal hydroxyl groups which are chemically active to allow for the subsequent 

epitaxial growth of SnS. This may result in faster film growth rates on FTO and TiO2 substrates, 

as is observed.   

Lattice Mismatch and Alignment – Hetero-epitaxy can be greatly affected by the lattice 

parameters of both the crystalline substrate and the growing crystalline film. If there is 

significant mismatch between the lattice constants of the two crystalline materials, significant 

strained or relaxed growth can occur leading to interfacial defects and deviations in crystalline 

growth rates and morphologies, changes in electronic, optical, thermal and mechanical 

properties of the epitaxially grown film.45  

Perfectly matched lattices will allow for minimal defect formation at the interface of the two 

materials and therefore increase electron mobility. The Lattice misfit between the epitaxial 

layer and substrate is defined as:  

𝐟 =
[𝐋𝐂𝑆𝑚𝑖𝑛 − 𝐋𝐂𝐹𝑚𝑖𝑛]

𝐋𝐂𝐹𝑚𝑖𝑛
   x 100 

 
Where f is the lattice misfit percentage, LC are the minimal rational lattice constants for the 

substrate (S) and epitaxial film (F). The lattice constant can be devisable by 2 or 4 if comparably 

large. Misfit parameters above >9% is substantial and will cause significant strain at the 

heterojunction junction and a pseudomorphic film will be formed at the interface.45  

As can be seen from Table 5.3 the lowest minimum lattice misfit for both polymorphs of SnS 

is with a rutile-TiO2 interface.  

It is interesting to see that the Cubic-SnS/rutile-TiO2 interface has the minimal lattice 

mismatch. This supports both the improved PV performance and growth rates of Cubic-SnS 

when grown on substrate containing mesoporous TiO2 on the surface. Furthermore, it also 

supports the increased growth rate of α-SnS on the mesoporous-TiO2 substrate, however, the 

(5.5) 
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device performance is defected by significant shunting. As explained previously, rapid growth 

rates of anisotropic crystals can result in highly elongated crystallite morphologies, which 

allows for the generation of shunt pathways. Interestingly there is a significant misfit for the 

Cubic-SnS/FTO junction (9.1 %), subsequently the lowest efficiency devices of Cubic-SnS 

contain these interfaces.  

Finally it is motivating to notice that the lattice misfit for a Cubic-SnS and α-SnS is 

comparatively low and that a junction formation with the two polymorphs will undergo 

minimal strain. It may therefore be viable, for future investigations, to fabricate PV devices 

containing Cubic-SnS/α-SnS junctions. 

 

 

  

Material Lattice Constants (Å) Minimum Lattice Misfit (%) 

 a b c α-SnS Cubic-SnS 

α-SnS 4.33 11.19 3.40 - 4.4 (b/b) 

Cubic-π-SnS 11.7 - - 4.6 (b/b) - 

Rutile-TiO2 4.59 - 2.96 6.0 (a/a)  1.2 (¼a/c) 

Mo 3.14 - - 7.6 (c/a) 7.4 (¼a/a) 

FTO 4.74 - 3.19 6.2 (c/a) 9.1 (¼a/c) 

Hexa-CdS 4.14 - 6.71 1.3 (c/½c) 14.7 (a/c) 

Cubic-CdS 5.82 - - 4.0 (½b/a) 0.5 (¼a/a) 

Table 5.16:  Comparison of the lattice constants and minimum lattice misfit between 
Rutile-TiO2, Mo, FTO, α-SnS, Cubic-SnS, Hexagonal CdS (Hexa-) and Cubic-CdS. Note that 
Rutile-TiO2 has a smaller lattice misfit value for both the α- and Cubic-SnS polymorphs 
compared to Molybdenum and FTO.   
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5.4 Summary 
 

By modification of the back contact layer from Mo, FTO or FTO coated with mesoporous TiO2* 

a series of structurally modified thin film solar cells containing either α-SnS or Cubic-SnS 

polymorphs have been investigated. Interestingly, post device fabrication optimisation 

treatment differed from each SnS polymorph. The best devices using the α-SnS polymorph 

were achieved using either Mo (ƞ = 0.82 %) or FTO (ƞ = 0.88 %) back contacts, with 3 hours of 

light soaking and 20 minutes of post annealing at 200 oC. Conversely, the best performing 

devices with the Cubic-SnS polymorph (ƞ = 0.41 %) contained a mesoporous TiO2 coated FTO 

back contact and required 4 hours of post annealing at 150 oC. Hot plate annealing most 

significantly increased the Jsc of devices and this effect has been further examined via EQE 

analysis. 

These devices have been fabricated using low cost non vacuum chemical deposition 

techniques, the best performing devices of α-SnS and Cubic-SnS in this study show relatively 

high Jsc and fill factors. However, for all devices it was clear that the open circuit voltage was 

significantly compromised with maximum values of 144 mV and 217 mV for the best α-SnS 

and Cubic-SnS devices, respectively, thus inhibiting high efficiencies. Clearly, there is 

significant room for improvement.  

The dendritic morphology of the α-SnS phase has been discussed as one of the major factors 

that limit the device performance. The dendritic rough films pose a significant challenge for 

the devices fabrication within this study, creating detrimental shunt pathways and pinholes. 

Future work using the AA-CVD method to deposit these films will need to be modified in order 

to create more compact and smooth films absent of dendritic features, especially those 

consisting of the α-SnS polymorph. Similar morphologies in CZTS absorber layers has been 

explored by Diego Colombara et al., where a comparison of devices with dendritic or smooth 

CZTS layers. Results showed that dendritic morphologies caused significant shunting in 

devices, while the compact non dendritic CZTS layer created a smooth surface for subsequent 

deposition and produced desirably high shunt resistance in devices.46  

In addition, it is shown that increased growth rates were observed for both polymorphs of SnS 

when deposited onto TiO2 coated substrates,* compared to FTO and Mo, which may be 

caused by a number of epitaxial factors. Although there is an increased growth rate for both 
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SnS polymorph it appears to be a detrimental feature for α-SnS films with respect to device 

fabrication, as a result of dendritic morphologies and device shunting. These morphologies 

are not as significant in the Cubic-SnS films grown onto TiO2 coated substrates* and device 

possess improved efficiencies and stabilities to hot plate treatment. 

In this study the best devices with Cubic-SnS absorber layer are obtained from device F, which 

had the FTO/meso-TiO2/Cubic-SnS/CdS/iZnO/ITO device structure. The EQE spectrum of this 

device was comparatively high reaching a maximum of 54 %, after 4 hours of hot plate 

annealing. This device had a Jsc of 5.4 mAcm-2 comparative to the highest efficiency Cubic-SnS 

devices produced by P.K.Nair et al (Jsc = 6.24 mAcm-2).34  

Similarly the highest efficiency α-SnS devices produced relatively high EQE values with high 

photocurrents, obtaining Jsc’s of 12.96 and 12.78 mAcm-2 using either a Mo or FTO back 

contact, respectively. The high Jsc, but low Voc has also been a problem in development of 

CZTSe solar cells and has been attribute to many device features. Usually the Jsc is strongly 

dependant on the space charge region and minority carrier length. High Jsc values generally 

attribute to large film thicknesses and good crystallinity of the absorber layer.  

The Voc deficit is a result of high recombination rates of photo generated charge carriers either 

at the p-n junction or within the absorber layer. Furthermore the Voc deficit observed in the 

devices in this study could be a result of using the non-ideal CdS buffer layer which has been 

previously shown to have a large ‘unfavourable’ negative conduction band offset of -0.4 V at 

the CdS/α-SnS junction. 38 

 

 

 

 

 

*A similar substrate to that used in high performance lead ammonium iodide perovskite solar 

cells.3 
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So far the investigations in previous chapters have presented precursors and precursor 

solutions that can selectively deposit SnS or SnS2 thin films via AA-CVD at relatively low 

temperatures. Successively, this chapter will present a series of novel single source precursors 

that have been designed and synthesised for the deposition of Sn, SnSe and SnTe thin film 

materials.  

Presented in this chapter is the synthesis and characterisation of novel tin(II) and tin(IV) 

guanidinate/ mixed chalcogeno guanidinate complexes and their thermal decomposition 

properties. A number of the novel precursors have been deposited via AA-CVD, generating a 

series of thin film samples composed of Sn, SnSe or SnTe, and the analysis of these samples 

are presented and discussed. 

(Please note: that all crystal refinement data for this Chapter can be found in Appendix A.A.3)  

6.1 Tin (II) Bisguanidinate and Tin (II) Mixed Guanidinate-Amino Complexes 
 
At present there are a vast number of patents1-7 and papers7-10 related to the viability of p-

block and transition metal complexes formed from π-electron-rich N−C−N ligand systems (i.e. 

guanidinate, formidinates and amidinates), which have been used as precursors for CVD and 

ALD processes.  In addition, for further reading a recent review by S. T. Barry et al. presents 

some of the recent advances using guanidinate ligands for CVD and ALD applications.11 

As stated in Chapter 1 (Section 1.7.3) guanidinates are among the π-electron-rich N−C−N 

systems, which can form stable complexes with a range of bonding moieties.12 Most 

interestingly, upon deposition, guanidinates have been shown to offer the ability to reduce 

the metal centres they are bonded to.13 Thus, one may control the oxidation state of the 

deposited metal species through the design and synthesis of the guanidinate systems. Tin(II) 

or tin(IV) guanidinate complexes should have interesting properties similar to those found for 

related amidinates complexes already proven to be effective single and multi-source 

Chapter 6: Tin (II) Bis-Guanidinates and Tin (IV) 
Chalcogeno Bis-Guanidinates as Single Source 
Precursors for the Deposition of Sn, SnSe and SnTe  
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precursors for the CVD and ALD of tin metal or tin(II)/(IV) compounds, such as SnCh and SnCh2. 

Tin guanidinate complexes were first described by R. Lognhi in 1965, since the tin guanidinates 

have been relatively un-explored.14  More recently Ruzicka et al. have described the insertion 

reaction of the bulky bis-[bis(trimethylsilyl)amino]tin and [bis(trimethylsilyl)amino]tin with a 

range of carbodiimides to provide the corresponding homo- or heteroleptic tin(II) guanidinate 

complexes.15 Surprisingly, there have not been a great number of studies synthesising these 

types of systems, given the facile nature of such insertion reactions. Therefore, the reaction 

of stannous dimethyl amide, [Sn(NMe2)2]2, with hetero-cumullenes, such as carbodiimides in 

order to form stabilised guanidinate complexes, has been examioned.  

Reactions of bis(dimethylamino) tin with commercially available carbodiimides have been 

shown by us (ibid) to undergo insertions with N,N’-diisopropyl- , N,N’-dicyclohexyl-, N,N’-bis(4-

methylphenyl)-, N,N’-bis(2,6-diisopropylphenyl)-, and N,N’-ditbutyl-carbodiimides to provide 

tin(II) guanidinate complexes.16 The reactions proceed either via a single or double insertion 

mechanism evolving either homoleptic tin(II) bis-guanidinates or heteroleptic tin(II) amido- 

guanidinate complexes, which was shown to depend upon the steric demands of the various 

functional groups on the carbodiimide reagents. Scheme 6.1 presents a general schematic for 

the synthesis of different tin(II) guanidinate complexes (Note that only N,N’-ditbutyl-

carbodiimide could be inserted into a single Sn-NMe2 bond due to the sterics imposed by the 

bulky tbutyl groups). 

 

 

 

 

 

Initial reactions were all carried out in a 1:2 stoichiometric ratio of tin(II) amide to 

carbodiimide, by the addition of a THF solution of the selected carbodiimide to a THF solution 

of [Sn(NMe2)2] at room temperature. Subsequent work-up of the reactions by removal of THF 

and recrystallization from filtered hexane solutions resulted in the isolation of crystalline 

material suitable for single crystal X-ray diffraction analyses, from the reactions of [Sn(NMe2)2] 

with N,N’-dicyclohexyl-carbodiimide (14), N,N’-bis(2,6-diisopropylphenyl)-carbodiimide (15) 

Scheme 6.1:  Synthetic route to Sn(II) guanidinates, compounds (13-17). 
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and ditbutyl-carbodiimide (17). In the case of the reaction with N,N’-diisopropyl-carbodiimide 

(13) and N,N’-bis(4-methylphenyl)--carbodiimide (16) only microcrystalline powders were 

isolated after cooling of the hexane solution at -20 oC. A brief comparative interpretation of 

structural and NMR data for compounds 13, 14, 15, 16 and 17 has already been reported.16 

The structural data and full synthetic procedure for compounds 13, 14 and 17 are presented 

in Appendix A.A.3 and Section 7.5, respectively.  

6.1.1 Tin (II) Bis-guanidinates 

Compounds 13 and 14 can be synthesised to form a colourless crystalline product at high 

yields (~90%) following the double insertion reaction in Scheme 6.1. Solution analysis of 

compounds 13 and 14 by 1H and 13C [1H] NMR show the presence of common features in 

individual spectra. In all cases 1H NMR spectra contain a single resonance associated with 

[NMe2] at δ = 2.49 (13) and 2.61 (14) ppm. Accompanying resonances for the C-H groups for 

the isopropyl and cyclohexyl can be clearly observed in the respective NMR spectra of 13 and 

14. In all cases the relative integrals of these resonances suggest an insertion into both tin 

amide bonds, such that homoleptic tin(II) bis-guanidinates complexes are formed. The 13C [1H] 

NMR is also informative, showing a single resonance for the quaternary carbon atom at the 

core of the guanidinate ligand, with chemical shift values at δ = 164.47 (13) and 130.03 (14) 

ppm. 119Sn [1H] NMR spectra also consists of single singlet resonances at δ = -395.40 (13) and 

-351.42 (14) ppm, which is in contrast with the starting material, at δ +123.46.  The carbon, 

hydrogen and nitrogen elemental analyses for compounds all match the expected values 

(within ±0.5 %), if 13 and 14 adopt the tin(II) homoleptic bis-guanidinate structure. 

The resolved structure of 14 is presented in Figure 6.1 revealing the products to be a mono-

homoleptic tin(II) bis guanidinate complex as supported by NMR and Elemental analyses. This 

complex possessed an approximate C2 symmetry with a 4-coordinate tin atom. The angle 

between the plane formed by the N(11)-C(11)-N(12) guanidinate atoms and the 

corresponding guanidinate N(21)-C(21)-N22 is 46.92o . In addition the tau (τ) value for this 

system Sn(II) is τ5 = 0.59, which indicates the complex is forming a pseudo trigonal bi-pyramidal 

structure assuming the lone pair of electrons on the tin centre occupies the 3rd equatorial site.  

There is a clear distortion in the cyclohexyl groups attached to the guanidinate nitrogen atoms, 

where the C(121), C(111) and other equivalent carbon atoms sit ~0.65 Å out of the plane 
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formed by the N(12)-C(11)-[-N(1)-]–N(11) core of guanidinate ligand. In addition the dimethyl 

amide group (NMe2) and the central carbon on the guanidinate (Cipso, C(11)/(21))  undergoes 

a trigonal planar geometry indicated by the bond angle of 122-121o between C(11)-N(1)-

C(1)/(2), and the total sum of bond angles around the N1 or N2 and C(11) or C(21) atoms is 

358o and 360o, suggesting a delocalised π-bonded interaction around N3C core. Close 

inspection of the structure of 14 reveals that the lone pair of electrons on N1 and N2 are 

contributing to the delocalised π-system on the guanidinate, as the C(2)-N(1)-C(1) plane 

(NMe2 group) is at an acute angle of 41o to the N(12)-C(11)-N(11) plane.  

Homoleptic bis-aminidinate-tin(II) structures, similar to 14 have been previously 

characterised.  T. Chulpaty et al. synthesised and structurally characterised a para-tolyl 

functionalised bis-tri-methyl-silyl amidinate Sn (II) complex [(p-tol)2-(Me)3Si-NCN]2Sn(II),17 and 

Y. Zhou, synthesised and structurally characterised cyclohexyl functionalised methyl/tbutyl 

formidinate Sn(II) complexes [Cy2-(Me)-NCN]2Sn(II) and [Cy2-(tBut)-NCN]2Sn(II)].18 A 

comparison of [Cy2-(tBut)-NCN]2Sn(II)] with 14 shows they both exhibit a pseudo trigonal 

bipyramidal geometry, in which one equatorial vertex is occupied by a stereo-chemically 

active lone pair. N(11) and N(21) on 14 are in pseudo-axial position with the N(11)-Sn(1)-N(21) 

bond angle of 138o, which is comparatively smaller than the pseudo-axial bond angle of 144.3o 

for [Cy2-(tBut)-NCN]2Sn(II). This difference in the axial bond angle can a result of steric restraint 

caused by the ‘bulky’ tbutyl attached to the back bone of the amidinate, compared to the 

smaller and planar NMe2 group in 14. Although, the approximate average length of the axial 

Figure 6.1:  Crystal structure of compound 14. 
ORTEP diagram (50% probability ellipsoids). Hydrogen atoms omitted for clarity 
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Sn-N bonds 2.38 and 2.42 Å and the average equatorial Sn-N bonds 2.19 and 2.19 Å for [Cy2-

(tBut)-NCN]2Sn(II) and 14, respectively, are statistically identical. 

6.1.2 Mixed Tin (II) Guanidinate-Amino Complex 

 

In the case of the tbutyl system (17) a 4:1 stoichiometry of N,N’tbutylcarbodiimide: bis-

[bisdimethylamino]tin, was selected for the initial reaction. However, examination of the 

crystalline product by NMR spectroscopy and single crystal analyses indicated that only the 

mono insertion product was formed. Subsequent reactions using a 2:1 stoichiometry provided 

a pale yellow crystalline product in a high yield of ~84 %. The 1H NMR contained three 

distinctive singlet resonances at δ = 1.03 ppm indicative of the tbutyl groups, and two peaks 

at δ = 2.51 and 2.82 ppm assigned to two chemically inequivalent dimethyl amide groups 

either attached to the tin centre or forming part of the guanidinate back bones. The 

resonances have respective integrals of 18, 6 and 6. The 13C [1H] NMR contains respective 

resonances for the tbutyl carbon groups at δ = 29.49 ppm, and for the two inequivalent 

dimethyl amide groups at δ = 21.33 and 21.47 ppm. In addition, the 119Sn NMR spectra is also 

informative showing a resonance at δ -120.1 ppm, which is in contrast with the starting 

material at δ +123.46 and the aforementioned homoleptic di-guanidinate complexes at δ -

382.45 (13) and -395.40 (14). In addition the carbon, hydrogen and nitrogen elemental 

analyses for compound 17 match all the expected values (within ±0.5 %). 

 The molecular structure of the complex 17 (shown in Figure 6.2) reveals the product 

to consist of a heteroleptic mixed guanidinato-amino Sn (II) complex, which is supported by 

NMR and Elemental analyses. The structure of 17 is a 3-coordinate tin(II) species forming a 

pseudo tetrahedral structure, where the axial site is occupied by a lone pair of electrons, the 

sum of angles around the Sn (II) centre is 254o and τ4 = 0.72.  The average bond distances 

between the N(102)-Sn(1) and Sn(1)-N(101) are 2.23(2) and 2.21(2) Å, respectively, compared 

to the Sn-Namino bond [(Sn(1)-N(2)] which is 2.05(2) Å, the long bond length of the guanidinate 

system is a result of the delocalised bonding to the tin centre. In addition, the guanidinate N3C 

system consists of delocalised π bonds similar to what is observed in 14 and the total sum of 

bond angles around N(1) is 354.61o, around C(110) is 359.98o, around N(101) is 352.47o and 

360o for N(102). The lone pair of electrons on N (1) appear not to contribute to the delocalised 

π system at the guanidinate core, as the N(102)-C(110)[-N(1)]–N(101) plane is 54.56o to the 
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plane of C(2n)-N(1)-C(1n), compared to equivalent dihedral angles in 14  (~41o).  In relation to 

complex 14, where the cyclohexyl groups are clearly positioned above the CN3  plane, where 

as  the tButyl groups in 17 are less restricted and the C(121) and C(111) atoms are only ~0.51 

Å out-side the N(102)-C(110)[-N(1)]–N(101) plane. The steric relaxation in 17 is likely to be due 

to fact that the system consists of a single guanidinate ligand. By closer inspection of the 

crystal structure of 17 it becomes clear why the N,N’ditButyl carbodiimide can only be inserted 

into one of the Sn-NMe2 bonds. This is because after the first insertion the tButyl groups 

sterically surround the complex such that the amido ligand (Sn-NMe2) are sterically imposed 

upon and forced to position out of plane to the guanidinate, to the extent that the angle 

between the plane of the amino group [C(3n)-N(2)-C(4n)] and the guanidinate core N(102)-

C(110)[-N(1)]–N(101) is ~81 o.  

The molecular structure of 17 can be compared to mixed guanidinato-amino Sn(II)/Ge(II) 

[L1MN(SiMe3)2, M = Sn or Ge, L1 = [ArNC(NiPr2)NAr] (Ar = 2,6-Me2–C6H3)] complexes 

synthesised and structurally characterised by M.K. Barman et al.19  The geometry and 

coordination number of the germanium and tin atom in these complexes are the same, as 

those observed in 17.  Interesting, the bond lengths between tin and two nitrogen atoms of 

the guanidinate ligand in compound 17 (2.23(2) and 2.21(2) Å) are in agreement with those 

reported for L1SnN(SiMe3)2 (2.275(5) and 2.234(4) Å). In addition, the Sn-Namino bond distance 

in 14 is 2.05 (2) Å , which is similar to the equivalent bond in L1SnN(SiMe3)2 (2.149(5) Å). 

Furthermore, these Sn-Namino bond length are comparable to related amidinate stabilized tin 

(II) amide complexes, such as Sn(II)[N(SiMe3)2] [Me3SiNC(tBu)NSiMe3] (2.121 (5) Å) synthesised 

by S.R. Foley et al.20 

 

 

 

 

 

 Figure 6.2:  Crystal structure of compound 17. 
ORTEP diagram (50% probability ellipsoids). Hydrogen atoms omitted for clarity 
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Selected Bond Lengths (Å) 

Compound 14  17 

Bond  Bond  
Sn(1)-N(12) 2.1780(12) Sn(1)-N(2)  2.053(2) 

Sn(1)-N(22) 2.1895(12) Sn(1)-N(101)  2.214(2) 

Sn(1)-N(11) 2.4150(12) Sn(1)-N(102)  2.227(2) 

Sn(1)-N(21) 2.4259(12) C(110)-N(102)  1.342(3) 

N(1)-C(11)  1.3880(19) C(110)-N(101)  1.341(3) 

N(1)-C(1)  1.444(2) N(101)-C(111)  1.489(3) 

N(1)-C(2)  1.450(3) C(110)-N(1)  1.380(3) 

N(2)-C(21)  1.3917(18) C(2)-N(1)  1.449(4) 

N(12)-C(11)  1.3428(18) N(1)-C(1)  1.446(4) 

N(12)-C(121)  1.4630(17) N(102)-C(121)  1.480(3) 

Selected Angles (o) 

Compound 14  17 

Angle  Angle  
N(12)-Sn(1)-N(22) 102.54(5) N(2)-Sn(1)-N(101) 94.24(9) 

N(12)-Sn(1)-N(11) 58.03(4) N(2)-Sn(1)-N(102) 100.15(9) 

N(22)-Sn(1)-N(11) 96.83(4) N(101)-Sn(1)-N(102) 59.99(8) 

N(12)-Sn(1)-N(21) 93.15(4) C(110)-N(101)-Sn(1) 94.22(15) 

N(22)-Sn(1)-N(21) 57.86(4) N(101)-C(110)-N(102) 111.7(2) 

N(11)-Sn(1)-N(21) 138.39(4) N(101)-C(110)-N(1) 124.7(2) 

C(11)-N(1)-C(1) 122.94(15) N(102)-C(110)-N(1) 123.6(2) 

C(11)-N(1)-C(2) 120.46(15) C(3)-N(2)-C(4) 112.4(2) 

C(1)-N(1)-C(2) 114.43(16) C(3)-N(2)-Sn(1) 125.71(18) 

C(21)-N(2)-C(3) 121.63(13) C(4)-N(2)-Sn(1) 120.4(2) 

Table 6.1: Selected bond distances (Å) and angles (°) for (14), and (17). 
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6.1.3 Thermal Properties and Thermal Gravimetric Analysis (TGA) of Tin (II) Di-guanidinate 

and Tin (II) Mixed Guanidinate-Amino Complexes 

 

It was of interest to further analyse the physical and thermal properties of the tin(II) 

guanidinate complexes (13, 14, and 17) to evaluate their capability to act as effective CVD 

precursors.  All systems were solids at room temperature, furthermore the melting points and 

observed decomposition temperatures of each system are listed in Table 6.2. 

 

 

 
Interestingly, the heteroleptic Sn(II) mixed guanidinate-amino complex (17) has a much lower 

meting point (32 oC) compared to the homoleptic complexes. Unsymmetrical Sn(II) amino-

amidinate complexes, such as [Me3SiNC(tBu)NSiMe3]Sn[N(SiMe3)2], have been previously 

shown by S. R. Foley et al, to have low melting points (59-60 oC).20 It is believed that the 

asymmetric nature of heteroleptic metal complexes coupled with bulky non polar tButyl 

groups can discourage crystal close packing and weaken intermolecular forces, which is 

assumed to minimise crystallisation and can effectively lower the melting point.21 

Compound 13, 14, and 17 were analysed via TGA under N2 atmospheres, and TGA traces are 

shown in Figure 6.3. A summary of the significant thermal decomposition events for 13, 14, 

and 17 are presented in Table 6.2. There are a number of interesting features to examine from 

the TGA plots; firstly none of the samples appear to be significantly volatile, however all 

compounds appear to undergo single ‘’clean’’ decomposition steps. 

Compound No. Melting Point (oC) Decomp.Temp. (oC) Description  

13 58-57 165 
Transition from a yellow 

liquid to a black solid 

14 113 152 
Transition from a colourless 

liquid to a black solid. 

17 32 117 
Transition from a colourless 

liquid to a black solid. 

Table 6.2:  Table of melting points, decomposition temperatures and the description of 
what is observed upon decomposition. All measurements were recorded under inert N2 

atmosphere. 
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Interestingly, the di-isopropyl bis guanidinate Sn(II) complex (13) begins to decompose at a 

much lower temperature (>115 oC) compared to the equivalent cyclohexyl functionalised 

system (14) (>161 oC). Furthermore, the heteroleptic complex (17) decomposes at 92 oC, at 

the lowest temperatures compared to 13 and 14. 

Another significant feature is that the resultant stabilised mass %’s after the single thermal 

decomposition steps for 13, 14 and 17, all correspond to the expected mass % of elemental 

tin as is summarised in Table 6.3. Compounds 14 forms a residue mass lower than expected 

for tin and this may be a result of residue solvent in the original sample or through 

experimental error. It is clear from these data that the guanidinate and amido ligands 

decompose and rapidly form volatile by products.  

  

Figure 6.3: (L.H.S.) TGA traces of the thermal decomposition of complexes 13, 14 and 17. 
(R.H.S.) Provided are the first derivative TGA curves and calculated mass % of Sn.  
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In summary, none of the systems show high volatility at elevated temperatures, thus making 

them unviable for AP-CVD, although they are all highly soluble in toluene and thus adequate 

for AA-CVD. These data indicate that compounds 13, 14, and 17 could act as viable precursors 

for the deposition of metallic tin, where compounds 13 and 17, due to their lower 

decomposition temperatures, can be used to deposit tin at lower temperatures (~150 oC), 

whereas 14 (~220 oC) may require higher deposition temperatures.  

 

 

6.2 Tin (IV) Chalcogeno Guanidinate Complexes 
 
The divalent group 14 metal complexes (germylenes, stannylenes and plumbylenes) have 

been widely studied and have been shown to undergo oxidative addition with a range of 

reagents, such as elemental chalcogenides, chalcogenide transfer reagents,  as well as alkenes, 

diketones, diazabutadienes, dihydrogen, organohalides and dihalides.22-25  

The oxidative addition reaction of homoleptic and heteroleptic stabilised stannylenes with 

elemental chalcogens or chalcogenide transfer reagents have been previously demonstrated 

to form a range of complexes consisting of either terminal hetero carbenoids (L2Sn=Ch)8, 22, 26-

28 or dimeric species with bridging chalcogens (Sn[µ-Ch]26, 28-30 or heterocyclic rings (L2Sn-Chn) 

consisting of tin and heavier chalcogens.8, 31-33  

After synthesising and characterising the aforementioned homoleptic and heteroleptic 

guanidinato/amido supported tin(II) complexes it was of interest to investigate the oxidative 

reaction of the homoleptic bisguanidinate Sn(II) systems, 13 and 14, with elemental 

chalcogenides or mono-chalcogenide transfer reagents in order to  produce tin chalcogenide 

complexes, which could potentially act as single source precursors to tin chalcogenide 

materials.  

Compound No. Onset (oC) 
Maximum 
Derivative 
Point (oC) 

End Point  
(oC) 

Final 
Mass % 

Mass % Expected for  
[Sn] 

13 115 190 228 25.85 [Sn] : 25.9 

14 161 233 205 16.4 [Sn] : 19.2 

17 92 161 476 33.97 [Sn] : 32.9 

Table 6.3:  Summary of TGA data for 13, 14 and 17. 
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6.2.1 Reactions of compounds (13) and (14) with elemental chalcogens: 

 

The reactions of compound 14 with elemental sulphur (S8) or selenium (Se) as well as the 

reactions of compound 13 and 14 with elemental tellurium (Te), were originally carried out at 

a 1:1 stoichiometric ratio (scheme 6.2). All reactions followed the same procedure where by 

a THF solution containing 14 was added to a stirred THF slurry of elemental chalcogenides at 

room temperature. The reaction mixture was sonicated for 6 hours with an evident colour 

change from pale yellow to an intense yellow with sulphur (14-S4), orange with selenium (14-

Se4) or dark red with tellurium (13=Te and 14=Te). The solutions were then left to stir for 48 

hrs, subsequent work up was achieved by removing the THF solvent and recrystallizing by 

layering a filtered toluene solution with hexane.  

 

 

 

 

 

 

Both reactions with tellurium resulted in the generation of large cubic red crystals at high yield 

(13=Te, 72 % and with 14=Te, 86 %) and suitable for single crystal X-ray diffraction analyses 

(Figure 6.8 and 6.9). The structural and solution analysis confirmed these crystals consisted of 

a terminal tellurium tin (IV) bisguanidinate systems (compounds 13=Te and 14=Te), discussed 

further in Section 6.2.4. 

In a similar manner, parallel to the synthesis of complexes 14=Te, the reaction of 14 with a 

deficient or excess amounts of elemental sulphur or selenium in THF at room temperature, 

only evolved stable yellow or orange crystals consisting of the tetrasulphido or tetraseleno 

tin(IV) complexes, respectively (Scheme 6.2). Attempts to form non cyclic monomer species 

using a 1:1 (Sn:Ch)  stoichiometries, evolved the same crystalline product and unreacted 

starting reagents.  

Scheme 6.2:  Synthetic route to either tetrasulphido/tetraselenido Sn(IV) complexes or 
terminal Sn(IV) telluride complexes via the oxidative addition of elemental chalcogens.  
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Interestingly, M. K. Barman et al. observed a similar reaction process when 

[[ArNC(NiPr2)NAr]Sn(II)N(SiMe3)2] is reacted with an excess and exact amount of elemental 

sulphur, they only produce crystals of the tetrasulphido tin(IV) complex [[ArNC(NiPr2)NAr] 

Sn(II)N(SiMe3)2(S4)] and unable to produce the monomer species.8  

Subsequently, oxidative reactions of 14 with elemental sulphur or selenium were repeated 

using a stoichiometric ratio of 1:4 (Sn:Ch). This resulted in the same crystalline products with 

increased yields, 65% for S8 (14-S4) and 68 % for Se (14-Se4), and full structural characterisation 

was obtained by single crystal X-ray diffraction analyses (Shown in Figures 6.4 and 6.5). 

6.2.2 Solution and Structural Analysis of Compounds (14-S4) and (14-Se4) 

 

The 1H NMR for 14-S4 and 14-Se4 both contain a single singlet peaks for the equivalent NMe2 

groups at δ= 2.42 and 2.65 ppm, and comparable to equivalent NMR shift in complex 14 (2.61 

ppm). The peaks associated with the cyclohexyl groups in 14-S4 and 14-Se4 range between 

2.31-260 and 1.02-2.00 ppm, respectively. The 119Sn NMR spectra for 14-S4 and 14-Se4 present 

single resonance peaks at -393.58 and -395.43 ppm, respectively. Interestingly, the 77Se NMR 

analysis for compound 14-Se4 observed two chemical shifts at +131.34 (Seβ) and +565.73 (Seα) 

ppm. The two peak present the two distinct chemical environment in the tin(IV) tetraseleno 

ring and are within a similar range to the 77Se NMR shifts observed in the two tetraseleno-

diaryl-dihydro-stannolane complexes, synthesised by N. Tokitoh et al, at δ= +328 to +316 (Seβ) 

and +759 +753 (Seα) ppm.33  

Structural evaluation of compounds 14-S4 and 14-Se4 are shown in Figures 6.4 and 6.5. Both 

systems crystallise in the C2/c space group, where compound 14-S4 crystallises as the single 

molecule and 14-Se4 crystallises with a single THF solvent molecule. The complexes present 

the Sn centre in a distorted octahedral six coordinate geometry consisting of two (N,N’) 

chelate guanidinates, and (S1 and S2 or Se1 and Se2) chelate tetrasulphido/seleno ligands. 

The noteworthy features of these molecules are the five membered SnS4/SnSe4 rings. In both 

instances the rings are arranged in a distorted half chair conformation. The bond angle S(1)-

Sn(1)-S(4) is 93.60o and the bond angle Se(1)-Sn(1)-Se(4) is 97.78o, which are  comparable to 

other structurally characterised SnS4
8, 31, 32, 34, and SnSe4

32-34 rings. The average Sn-S and Sn-Se 

bond lengths are 2.514 Å and 2.632 Å, respectively. 
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The average S–S bond distance (2.057 Å) in SnS4 (S1–S2 2.0597(19), S2–S3 2.057(2), and S3–

S4 2.0558 (19) Å) is in good agreement with the average S–S bond distance (2.050 Å) for 

orthorhombic elemental sulphur.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5:  Crystal structure of compound 14-Se4. ORTEP diagram (50% probability 
ellipsoids). Hydrogen atoms and THF solvent molecule omitted for clarity. 

 

Figure 6.4:  Crystal structure of compound 14-S4. 
ORTEP diagram (50% probability ellipsoids). Hydrogen atoms omitted for clarity. 
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  Selected Bond Lengths (Å) 

Compound 14-S4  14-Se4 

Bond   Bond  
Sn(1)-N(12)  2.188(4) Sn(1)-N(12)  2.210(2) 

Sn(1)-N(21)  2.189(4) Sn(1)-N(12)i  2.210(2) 

Sn(1)-N(22)  2.191(4) Sn(1)-N(11)i 2.195(2) 

Sn(1)-N(11)  2.193(3) Sn(1)-N(11)  2.195(2) 

Sn(1)-S(1)  2.5017(14) Sn(1)-Se(1)  2.6322(3) 

Sn(1)-S(4)  2.5285(12) Sn(1)-Se(1)#1  2.6321(3) 

S(2)-S(3)  2.057(2) Se(2)-Se(2)#1  2.3340(10) 

S(1)-S(2)  2.0597(19) Se(1)-Se(2)  2.3231(5) 

S(3)-S(4)  2.0558(19) Se(1)-Se(2)  2.3231(5) 

N(11)-C(11)  1.326(5) N(11)-C(11)  1.337(3) 

N(1)-C(11)  1.391(5) C(11)-N(1)  1.374(3) 

N(12)-C(11)  1.335(5) C(11)-N(12)  1.330(3) 

Selected Angles (o) 

Compound 14-S4  14-Se4 

Angle  Angle  
N(12)-Sn(1)-N(21) 96.49(15) N(11)-Sn(1)-N(12)i 95.95(8) 

N(12)-Sn(1)-N(22) 145.29(14) N(11)-Sn(1)-N(11)i 144.70(12) 

N(12)-Sn(1)-N(11) 61.05(13) N(11)i-Sn(1)-N(12)i 60.68(7) 

N(21)-Sn(1)-N(11) 106.02(13) N(12)i-Sn(1)-N(12) 100.93(11) 

N(12)-Sn(1)-S(1) 101.69(10) N(11)-Sn(1)-Se(1) 99.45(6) 

N(21)-Sn(1)-S(1) 161.79(11) N(12)i-Sn(1)-Se(1) 163.95(5) 

S(1)-Sn(1)-S(4) 92.72(4) Se(1)i-Sn(1)-Se(1) 97.785(16) 

S(2)-S(1)-Sn(1) 103.56(7) Se(1)-Se(2)-Se(2)i 100.526(17) 

S(4)-S(3)-S(2) 102.67(8) Se(1)i-Se(2)i-Se(2) 100.526(17) 

N(11)-C(11)-N(12) 113.5(4) N(12)-C(11)-N(11) 113.0(2) 

N(11)-C(11)-N(1) 124.3(4) N(12)-C(11)-N(1) 123.7(2) 

C(11)-N(1)-C(1) 122.4(4) C(11)-N(1)-C(1) 121.8(2) 

Table 6.4: Selected bond distances (Å) and angles (°) for (14-S4), and (14-Se4). 
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6.2.3 Reactions of compounds (14) and (13) with Selenium Transfer Reagents: 

Already discussed in Chapter 3 Section 3.3.1, stable selenoisocyanates, such as mesityl- or 

tButyl-selenoisocyanates, act as effective mono-selenium transfer reagents, which can under-

go oxidative addition to Sn(II) centres and form Sn(IV) monoselenide species and  volatile 

isocyanides as the a non-contaminating by-product. In attempts to isolate a terminal tin(IV)  

bis guanidinate monoselenide complex, compounds 13 and 14 were reacted with equimolar 

amounts of tButyl-selenoisocyanate in a stirred THF solution at room temperature for 4 hours. 

Both reactions went from pale yellow to bright yellow solutions. The solvent and remaining 

impurities were evaporated and the remaining yellow powders were recrystallized from 

toluene to form stable yellow crystals of bis guanidinato Sn(IV) selenide complexes forming 

either a bridging [Sn(µ-Se)]2 system in compound 13-µSe or a terminal Sn=Se bonding moiety, 

in compound 14=Se with respective yields of 72 and 89 %, see Scheme 6.3.  

 

 

 

 

 

 

6.2.4 Structural Analysis of Compounds (13-µSe), (14=Se), (13=Te), and (14=Te) 

Bridged Selenide and Terminal Selone Sn(IV) Complexes 

The molecular structure of 13-µSe is shown in Figure 6.6. Crystals of 13-µSe adopts the C2/c 

space group, where the molecular structure resembles related intramolecularly coordinated 

organotin(IV) chalcogenide complexes8, 26, 32 and forms a dimer with a slightly distorted Sn2Se2 

core, where the angle between the Se(1)-Sn(1)-Se(1)i and Se(1)-Sn(1)i-Se(1)i plane is 164o and 

a C2 axis sits perpendicular to the nearly square (Sn−μ-Se)2 ring.  The Sn atoms have a six 

coordinate pseudooctahedral geometry and the two Sn-Se distances are Sn(1)-Se(1) 2.58 (2) 

Å and Sn(1)-Se(1)i  2.30 (3) Å. The average Sn-N bond length is ~2.225 Å [Sn(1)-N(11) 2.208 (3), 

Sn(1)-N(12) 2.243 (2), Sn(1)-N(21) 2.183 (2) and Sn(1)-N(22) 2.266 (3) Å].  

Scheme 6.3:  Synthetic route to either bis guanidinato Sn(IV) selenide dimer (13-µSe) or 
monomer (14=Se) via the oxidative addition of selenium using tButyl Seleno-isocyanate 
as a mono-selenium transfer reagent.  
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Complex 14=Se however, crystallises in the P21/a space group and the molecular structure is 

monomeric with the most prominent structural feature being the terminal Sn=Se bond which 

sits on a C2 axis shown in Figure 6.7. The bond length, Sn(1)-Se(1) of 2.401 (1) Å is ~6 % shorter 

than a typical Sn-Se single bond (2.55−2.60 Å), but correlates favourably with comparable 

bonds reported in the literature of 2.375 (3) Å [Tbt(Ditp)Sn=Se].35  The Sn=Se bond in 14=Se 

(2.401 (1) Å) is shorter than the average Sn-Se bond lengths in compounds 13-Se4 (2.632 Å) 

and 13-µSe (2.598 Å), indicating strong Sn=Se double bond interaction in this complex. 

 

 

 

 

 

 

 

 

Figure 6.6:  Crystal structure of compound 13-µSe. ORTEP diagram (50% probability 
ellipsoids). Hydrogen atoms and THF solvent molecule omitted for clarity. 

 

Figure 6.7:  Crystal structure of compound 14=Se. ORTEP diagram (50% probability 
ellipsoids). Hydrogen atoms and THF solvent molecule omitted for clarity. 
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The Sn centre forms a 5 coordinate distorted square pyramidal geometry, with a τ5 = 0.33. It 

is clear that the bond lengths Sn(1)-N(2) 2.211(1) Å  and Sn(1)-Sn(4)  are slightly larger than 

those in the equatorial positions Sn(1)-N(2) and Sn(1)-Sn(3).  

  

Selected Bond Lengths (Å) 

Compound 13-µSe  14=Se 

Bond   Bond  
Sn(1)-N(21)  2.183(2) Sn(1)-N(5) 2.139(4) 

Sn(1)-N(11)  2.208(2) Sn(1)-N(2) 2.212(4) 

Sn(1)-N(12)  2.243(2) Sn(1)-Se(1) 2.4016 

Sn(1)-N(22)  2.265(2) Sn(1)-N(1) 2.168(4) 

Sn(1)-Se(1)  2.5796(3) Sn(1)-N(4) 2.230(4) 

Sn(1)-Se(1)i  2.5982(3) N(1)-C(1) 1.346(6) 

N(1)-C(11)  1.386(3) N(2)-C(1) 1.338(6) 

N(1)-C(2)  1.450(4) N(4)-C(25) 1.482(6) 

N(11)-C(11)  1.332(3) N(2)-C(10) 1.479(6) 

N(12)-C(11)  1.338(3) N(3)-C(2) 1.465(7) 

N(12)-C(121)  1.474(3) N(3)-C(3) 1.481(7) 

Selected Angles (o) 

Compound 13-µSe  14=Se 

Angle  Angle  
N(21)-Sn(1)-N(11) 91.63(8) N(5)-Sn(1)-N(1) 107.31(16) 

N(21)-Sn(1)-N(11) 91.63(8) N(1)-Sn(1)-N(2) 61.54(14) 

N(11)-Sn(1)-N(12) 59.86(8) N(1)-Sn(1)-N(4) 96.98(15) 

N(21)-Sn(1)-N(22) 60.24(8) N(5)-Sn(1)-Se(1) 127.48(11) 

N(11)-Sn(1)-N(22) 89.33(8) N(2)-Sn(1)-Se(1) 108.13(10) 

N(21)-Sn(1)-Se(1) 101.59(6) C(10)-N(2)-Sn(1) 130.8(3) 

N(11)-Sn(1)-Se(1) 163.90(6) C(1)-N(3)-C(3) 121.4(4) 

C(2)-N(1)-C(1) 116.8(2) C(1)-N(3)-C(2) 123.1(4) 

Sn(1)-Se(1)-Sn(1)i 88.637(9) C(2)-N(3)-C(3) 114.6(4) 

Se(1)-Sn(1)-Se(1)i 90.253(9) C(1)-N(1)-Sn(1) 93.5(3) 

Table 6.5: Selected bond distances (Å) and angles (°) for (13-µSe), and (14=Se). 
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It is interesting to see a vast contrast in the structural motifs of compounds 13-µSe and 14=Se 

considering the only compositional differences in the complexes is the isopropyl or cyclohexyl 

substituents on the guanidinate ligands. Going from N-isopropyl in 13-µSe to N-cyclohexyl in 

14=Se imposes enough steric restriction surround in the Sn centre to prevent dimerization. A 

similar steric effect is observed by Y. Zhou and D. S. Richeson in the structural characterisation 

of (CyNC(tBu)NCy)2SnS and [(CyNC(Me)NCy)2Sn(μ-S)]2, however, in this instance the sterics are 

modified through the tertbutyl and methyl substituents at the back bone of the N-C-N bis 

amidinate ligands, subsequently either a monomer or dimer is formed.28 It then becomes 

obvious that the mixed guanidinato-amido Sn(IV) seleno complex  

[[ArNC(NiPr2)NArN(SiMe3)2Sn(μ-Se)]2], synthesised by M.K.Barman et al forms a dimer 

structure, since the heteroleptic system consists of only one guanidinate chelate and a less 

sterically shielding amide.8  

Terminal Sn(IV) Tellurone Complexes 

It is interesting to see a vast contrast in the structural motifs of compounds 13-µSe and 14=Se 

considering the only compositional differences in the complexes is the isopropyl or cyclohexyl 

substituents on the guanidinate ligands. Going from N-isopropyl in 13-µSe to N-cyclohexyl in 

14=Se imposes enough steric restriction surround in the Sn centre to prevent dimerization. A 

similar steric effect is observed by Y. Zhou and D. S. Richeson in the structural characterisation 

of (CyNC(tBu)NCy)2SnS and [(CyNC(Me)NCy)2Sn(μ-S)]2, however, in this instance the sterics are 

modified through the tertbutyl and methyl substituents at the back bone of the N-C-N bis 

amidinate ligands, subsequently either a monomer or dimer is formed.28 It then becomes 

obvious that the mixed guanidinato-amido Sn(IV) seleno complex,  [[ArNC(NiPr2)NArN 

(SiMe3)2Sn(μ-Se)]2], synthesised by M.K.Barman et al forms a dimer structure, since the 

heteroleptic system consists of only one guanidinate chelate and a less sterically shielding 

amide.8  

It is interesting to see that the isopropyl substituted guanidinate ligand in this instance provide 

enough steric protection around the Sn=Te bond in 13=Te to prevent dimerization, however, 

in 13-µSe this is not the case. It is not entirely accurate to say that the evolution of either a 

monomer or dimer is entirely influenced by sterics and it is also true to assume that the Sn=Te 

double bond is more thermodynamically stabilised than a single bond, due the greater orbital 
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overlap between tin and tellurium, thus what is observed in these systems (13-µSe, 14-Se, 

13=Te and 14=Te) can be a combination of the two factors.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.8:  Crystal structure of compound 13=Te.  
ORTEP diagram (50% probability ellipsoids). Hydrogen atoms omitted for clarity. 

 

Figure 6.9:  Crystal structure of compound 14=Te. 
 ORTEP diagram (50% probability ellipsoids). Hydrogen atoms omitted for clarity. 
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Selected Bond Lengths (Å) 

Compound 13=Te  14=Te 

Bond   Bond  
Sn(1)-Te(1)  2.6169(3) Sn(1)-Te(1)  2.6164(4) 

Sn(1)-N(11)  2.150(3) Sn(1)-N(11)  2.161(3) 

Sn(1)-N(22)  2.166(3) Sn(1)-N(22)  2.232(3) 

Sn(1)-N(21)  2.207(3) Sn(1)-N(21)  2.149(3) 

Sn(1)-N(12)  2.231(3) Sn(1)-N(12)  2.225(3) 

N(1)-C(11)  1.366(4) N(1)-C(11)  1.375(5) 

N(1)-C(2)  1.445(5) N(1)-C(2)  1.455(5) 

N(1)-C(1)  1.455(5) N(1)-C(1)  1.469(5) 

N(11)-C(11)  1.344(4) N(11)-C(11)  1.340(5) 

Selected Angles (o) 

Compound 13=Te  14=Te 

Angle  Angle  
N(11)-Sn(1)-Te(1) 120.45(7) N(11)-Sn(1)-Te(1) 126.27(9) 

N(22)-Sn(1)-Te(1) 128.38(7) N(22)-Sn(1)-Te(1) 108.23(8) 

N(21)-Sn(1)-Te(1) 110.91(7) N(21)-Sn(1)-Te(1) 127.06(9) 

N(12)-Sn(1)-Te(1) 106.51(7) N(12)-Sn(1)-Te(1) 108.38(8) 

Te(1)-Sn(1)-C(21) 123.52(7) Te(1)-Sn(1)-C(21) 121.61(9) 

N(11)-Sn(1)-N(12) 61.22(10) N(11)-Sn(1)-N(12) 61.25(11) 

N(11)-Sn(1)-N(22) 111.09(10) N(11)-Sn(1)-N(22) 95.58(11) 

N(22)-Sn(1)-N(12) 95.04(9) N(12)-Sn(1)-N(22) 143.37(12) 

C(2)-N(1)-C(1) 115.6(3) C(2)-N(1)-C(1) 115.1(3) 

N(12)-C(11)-N(11) 112.5(3) N(12)-C(11)-N(11) 113.2(3) 

Table 6.6: Selected bond distances (Å) and angles (°) for (13=Te), and (14=Te). 
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6.2.5 Solution Analysis of Compounds (13-µSe), (14=Se), (13=Te), and (14=Te) 

 The main 1H, 13C [1H] and 119Sn [1H] NMR resonance for compounds 13, 14, 13-µSe, 14=Se, 

13=Te, and 14=Te and key 77Se [1H] NMR resonance for compounds 13-µSe and 14=Se are 

summarised in Table 6.7. It was not possible to detect a resonance from the 125Te NMR 

analysis for compounds 13=Te, and 14=Te. 

. 

 
It was found that compounds 13-µSe and 14=Se, respectively, exist as either a seleno- bridged 

dimer or as a terminal selone in C6D6 solution, as well as in the solid state and the 1H, 13C, 119Sn 

and 77Se NMR spectrum provide evidence for this. The 77Se NMR spectra contain single 

resonance peaks from each system. There is a greater downfield shift in 13=µSe at δ= +786.74 

ppm, compared to 14=Se at δ= +476.01 ppm. In both cases it was not possible to detect 

satellites created by 77Se-119Sn coupling. The position of the 77Se NMR shifts are quite different 

to analogue stannylselones chemical shifts, such as the dialkyl tin (IV) selenide systems 

RN
2Sn=Se which produce a singlet at δ = -734.80 (R= CPh(SiMe3)C5H4N-2) and δ = -531.95 (R= 

CH(SiMe3)C9H6N-8),36 although comparable to the 77Se shift observed in the Tbt(Tcp)Sn=Se  

stannylselone at +839 ppm.37 The 119Sn resonance for 14=Se (δ = -341 ppm) is within the range 

observed for other reported terminal mono selenide tin(IV) complexes of (δ = -111 to -444 

ppm).26, 35, 37, 38  

  

Compound No. 
(ppm) 

1H NMR 13C NMR 119Sn NMR 77Se NMR 

Namido N-C(N)-N   

13 2.49 +164 -395 - 

14 2.30 +130 -351 - 

14=S4 2.42 +168 -394 - 

14=Se4 2.65 +168 -395 +131β,+566α 

13-µSe 2.80 +168 +779 +786 

14=Se 2.42 +166 -341 +476 

13=Te 2.38 +168 -918 - 

14=Te 2.38 +129 -395 - 

Table 6.7:  Summary of 1H, 13C [1H],119Sn [1H] and 77Se [1H]  NMR spectra for compounds 
13, 14, 13-µSe, 14=Se, 13=Te, and 14=Te, obtained from C6D6 solutions. 
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Furthermore the 77Se chemical shifts for the dimeric diamido system [Sn(N(SiMe3)2(µ-Se)]2 is 

observed at δ = -640 ppm,32 which completely different to up-field shift observed for 13-µSe 

(at +786 ppm). Similarly the 119Sn resonance at δ= +779 ppm for 13-µSe is also different to 

[Sn(N(SiMe3)2(µ-Se)]2, which observes a 119Sn resonance at δ= -383 ppm.32 These observations 

may be down to the guanidinate ligands  being less electron directing toward the tin (IV) 

centre compared to the [N(SiMe3)2] (HMDS) causing significant deshielding of the Sn and Se 

atoms. 

The 119Sn spectra for 13=Te, and 14=Te contain single singlet peaks at δ = -918 and -395 ppm, 

respectively, which are both at up-field positions relative to 13-µSe and 14=Se, respectively. 

Interestingly, W-P. Leung et al. have observed a similar effect and the 119Sn peak position shift 

upfield from δ −54.70 to −350.34 ppm with progressively heavier chalcogens from S to Te in 

the tin(IV) chalcogenone complexes [(R1,2)2Sn=E] [R1= [CH(SiMe3)C9H6N-8]-, E=Te, and R2= 

[CPh(SiMe3)C5H4N-2]-,E= S, Se].36 It is assumed that the up-field shift is caused by the heavier 

chalcogens being less electronegative allowing for increased electron density surrounding the 

tin(IV) centre.  

The 1H NMR spectrum for 13-µSe, 14=Se, 13=Te, and 14=Te show single singlet peaks 

associated with NMe2 group in the range of 2.38 to 2.80 ppm which is similar to equivalent 

shifts observed in the starting materials (13 and 14) and the single set of signals indicate that 

these system do not dissociate in solution and all guanidinate ligands remain chemically 

equivalent, as is observed in their respective crystal structures. 
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6.2.6 Physical Properties and Thermal Gravimetric Analysis (TGA) of Compounds (13-µSe), 

(14=Se), (13=Te), and (14=Te) 

 
Compounds 13-µSe, 14=Se, 13=Te, and 14=Te were all solids at room temperature, 

furthermore the melting points and observed decomposition temperatures of each system 

are listed in Table 6.8. 

 

 

 

Melting point analysis shows that 13-µSe and 14=Se melt at relatively low temperatures (124 

and 115 oC, respectively) and appear to decompose at 150 and 180 oC, respectively, both 

instantly forming a black solid, which is encouragingly alike to the appearance of SnSe 

powders. Furthermore, 13=Te, and 14=Te appear thermally less stable than the 

aforementioned selenide systems, both melting and decomposing at low temperatures. 

Compound 13=Te is the least stable of the two systems and decomposes at 72 oC, (It was also 

observed that this compound would slowly decompose at room temperature where it would 

transition from red crystals to back powders over a period of one week and required storage 

at -20 oC). Both 13=Te, and 14=Te produce black powders upon decompositions, which is 

consistent with the appearance of SnTe powders.  

The TGA traces and their first derivatives for compounds 13-µSe, 14=Se, 13=Te, and 14=Te are 

presented in Figures 6.10 and 6.11, and a summary of specific decomposition events are 

summarised in Table 6.9. The derivatives can give a clear indication of the number of steps in 

the decomposition process, and it is clear that compounds 13-µSe and 14=Se, under-go an 

Compound No. Melting Point (oC) Decomp. Temp. (oC) Description  

13-µSe 124 150 
Transition from a yellow 

liquid to a black solid 

13=Te 60-62 72 
Transition from a red liquid to 

a black solid. 

14=Se 115 180 
Transition from a yellow 

liquid to a black solid 

14=Te 101 110 
Transition from a red liquid to 

a black solid. 

Table 6.8:  Table of melting points, decomposition temperatures and the description of 
what is observed upon decomposition. All measurements were recorded under inert N2 

atmosphere. 
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initial but gradual ~5-8 % mass loss event c.a. 150 oC, which can be attributed to solvent loss. 

Subsequently, both compounds present a distinctive single-step decomposition pathway, 

which initiates at 210 and 201 oC reaching a maximum derivative at 228  and 233 oC, 

respectively. The residue mass for 13-µSe levels off above 248 oC at ~ 41 % which closely 

corresponds to the expected residue mass of SnSe (41.97 %). Similarly, 14=Se reaches a final 

mass of 28%, also closely matching the expected % mass of SnSe (28.28 %). It therefore 

sensible to assume from these results that both 13-µSe and 14=Se decompose to form SnSe.  

 

 

 

Compounds 13=Te exhibits a minimal initial mass loss due to solvent, a gradual decomposition 

process initiates at 180oC, which display a broad decomposition temperature window (180-

247 oC), indicating a slower decomposition pathway compared to both 13-µSe and 14=Se. The 

residual mass of 38 % is slightly above the expected mass of SnTe (36.72 %), indicating that 

the decomposition product is SnTe.  

Compounds 14=Te exhibits an initial mass loss (~11%) at 111oC, which can be attributed to 

solvent evaporation. After this initial mass loss event a second gradual decomposition process 

initiates at 150 oC, which display a broad decomposition temperature window (150-247 oC) 

and constitutes to the main decomposition step for this complex. The residual mass of 28% is 

significantly below the expected residue mass % fir SnTe (33.23%) and may be due to initial 

sample containing significant levels of residual solvent (~11%).  

  

Compound No. Onset (oC) 
Maximum 
Derivative 
Point (oC) 

End Point  
(oC) 

Final 
Mass % 

Mass % Expected for  
[SnSe] or [SnTe] 

13-µSe 210 228 248 40.67 [SnSe] : 41.97 

13=Te 180 204 247 38.13 [SnTe] : 36.72 

14=Se 201 233 248 27.59 [SnSe] : 28.28 

14=Te 150 223 248 28.29 [SnTe] : 33.23 

Table 6.9:  Summary of 1H, 13C [1H],119Sn [1H] and 77Se [1H]  NMR spectral ata for 
compounds 13, 14, 13-µSe, 14=Se, 13=Te, and 14=Te, pbtained from C6D6 solutions. 
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Figure 6.10: (L.H.S.) TGA traces of the thermal decomposition of complexes 13-µSe and 
13=Te. (R.H.S.)  Provided are the first derivative TGA curves and calculated mass % of SnSe 
and SnTe for 13-µSe and 13=Te, respectively.  
 

Figure 6.11: (L.H.S.) TGA traces of the thermal decomposition of complexes 14=Se and 
14=Te. (R.H.S.)  Provided are the first derivative TGA curves and calculated mass % of SnSe 
and SnTe for 14=Se and 14=Te, respectively.  
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6.3 AA-CVD Experiments using 13, 14, 14=Se, and 14=Te 
 
It has been identified in the previous section that compounds 13, 14, 14=Se, and 14=Te could 

be suitable AA-CVD precursors for the deposition of Sn (13, 14), SnSe (14=Se) or SnTe (14=Te). 

To confirm this a series of deposition studies were carried using the aforementioned AA-CVD 

system with a TSI® compact atomiser. The precursors consisted of 0.08 M toluene solutions of 

13, 14, 14=Se, and 14=Te with depositions attempted onto glass and silicon substrates at 300 

oC and 400 oC, over a period of 40 minutes.  

6.3.1 Overview of Depositions Studies  

A summary of the deposition experiments are presented in Table 6.6. It is clear from the visual 

appearance of the substrate surface to observe whether the deposition generated a thin film. 

It was observed that 14=Se could only be used to deposit a film at 400 oC and as for the rest 

of the precursors a film could be generated at both 300 and 400 oC. This feature of precursor 

14=Se maybe attributed to the higher onset decomposition temperature (210 oC) observed in 

the TGA of this compound compared to the other precursors in this study. It was clear that all 

successful depositions that there was no apparent selectivity of film growth between silicon 

and glass substrates. Films deposited from the tin(II) bisguanidinate systems 13, and 14 both 

produced shiny metallic coating on the all substrate surfaces at both 300 and 400 oC. The shiny 

metallic surfaces tarnished when exposed to air over a period of a week and would adopt a 

pale yellow colour. This observation is consistent with the generation of metallic tin thin films.  

The films deposited from precursor 14=Se at 400 oC appeared fluorescent blue on silicon 

substrates and orange on glass substrates. The fluorescent blue colour is result of the thin film 

interference caused by phase interaction of the film and corresponds to film with a 200-300 

nm thickness (n = 1.4 to 2.5). The films deposited from 14=Te appeared dark brown on silicon 

and orange on glass at both 300 and 400 oC. 
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Precursor 
Dep.  

Temp. (oC) 
Substrates 

Was a visible  
film deposited? 

Detected 
 Materials 

Film Appearance 

13 
300 Glass Yes 

Sn (Metallic) 
 

Silicon Yes 

400 
Glass Yes 

Sn (Metallic) 
Silicon Yes 

14 
300 

Glass Yes 
Sn (Metallic) 

 
Silicon Yes 

400 
Glass Yes 

Sn (Metallic) 
Silicon Yes 

14=Se 
300 

Glass No -  
Silicon No - 

400 
Glass Yes 

SnSe 
Silicon Yes 

14=Te 
300 

Glass Yes SnTe 
(Trace SnO) 

 
Silicon Yes 

400 
Glass Yes SnTe 

(Trace SnO) Silicon Yes 

Table 6.10:  Overview of films deposited by AA-CVD over 40 mins using 0.08 M toluene solutions of different precursors. 

 

 

 
Si, 300oC SiO2, 300oC 

SiO2, 400oC Si, 400oC 

Si, 400oC SiO2, 400oC 

Si, 400oC 

SiO2,  
400oC 

SiO2,  
300oC 
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6.3.2 XRD Analysis  

To ascertain which materials had been deposited on to substrates XRD analysis was conducted 

on all the samples.  

XRD patterns of films deposited from precursors 13, and 14, are shown in Figure 6.12, can be 

indexed to tetragonal metallic tin (JCPDS No. 89-2958). It was clear that both precursors could 

effectively deposit metallic tin at 300 and 400 oC. 

 

 

 

 

 

 

 

 

 

 

 

The XRD pattern of films deposition from 14=Se at 400 oC  onto both silicon and glass, shown 

in Figure 6.13, could be indexed to tin monoselenide, α-SnSe, with the orthorhombic Pnma 

structure (JCPDS No. 48-1224).39 Interestingly, the diffraction peaks associated with the Cubic 

π-SnSe polymorph are not observed.40  

 

 

 

Figure 6.12: Indexed XRD pattern of Sn films deposited from compounds 13 and 14. 
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As can be seen in Figure 6.14 the films deposited from precursor 14=Te at 300 and 400 oC onto 

silicon or glass substrates produced diffraction patterns that can be indexed to cubic Fm3m 

tin telluride, SnTe, (JCPDS No. 65-2945).39 Although some samples consist of diffraction peaks 

that correspond to trigonal tin monoxide, SnO.41 It appears that either during deposition, or 

post deposition that some samples have reacted with atmospheric oxygen, causing there to 

be a contamination and crystallisation of SnO and it is assumed that formation of this material 

is not generated directly from the precursor as it does not appear in all samples. 

 
  

Figure 6.13: Indexed XRD patterns of α-SnSe films deposited from compound 14=Se. 
*Unidentifiable peak. 
 

Figure 6.14: Indexed XRD patterns of SnTe films deposited from compound 14=Te onto glass 
and silicon substrates. 
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6.3.3 Raman Spectroscopy 

Raman spectroscopy was conducted at room temperature using a 532 nm laser with a 

maximum power output of 100 kW and power flux (Wm-1) can be regulated in terms of output 

percentage.  

The Raman spectra of various samples deposited from 13 and 14 are shown in Figure 6.14. It 

is expected that elemental tin should not generate a Raman signal at room temperature and 

this is what is observed from the standard Raman spectra of sample excited with the laser at 

1% power. However, when exposed to the excitation laser at intensities greater than 1%, these 

samples began to generate a very weak signals corresponding to the B1g (at 105 cm-1) and A1g 

(at 203 cm-1) modes of SnO. The generation of the persistent SnO peaks is expected when the 

thin tin films are exposed to air and heated by the Raman laser at high intensities, as it well 

documented that tin surfaces readily react with oxygen. These observations have been 

reported in a number of other Raman studies examining pure tin samples.42 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14: Raman spectra of Sn films deposited onto glass from compounds 13 and 14 at 
300 oC. Presented are the persistent effects induced by the excitation laser and indexed 
Raman shift for SnO.   
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The Raman spectra of various thin film samples deposited from precursor 14=Se, are shown 

in Figure 6.15. A typical spectra consists of  peaks at 75 cm-1, 115 cm-1, 133 cm-1, 155 cm-1 and 

187 cm-1. The 115 cm-1 peak belongs to the B3g mode in α-SnSe, while the peaks at 75 cm-1, 

133 cm-1, 155 cm-1 belong to the Ag modes, and these peaks match previously reported Raman 

spectra of α-SnSe thin film samples.40, 43-45 In addition, the weak broad peak at 187 cm-1 

corresponds to the A1g mode in the SnSe2 phase.46 It has been previously reported that SnSe 

samples are sensitive to the concentrated thermal energy induced by the excitation laser, 

which causes SnSe to disproportionate to Sn and SnSe2 over time. It is likely that this is the 

case as the SnSe2 Raman peak is weak and no SnSe2 diffraction peaks are observed in the XRD 

spectrum.40 

 

 

 

 

 

 

 

 

 

A majority of the optical phonons in the cubic (NaCl) phase of SnTe are forbidden by the high 

symmetry of the crystal structure and it is expected that non or a weak longitudinal Raman 

scattering responses should be detected at room temperature for a typical polycrystalline 

sample of SnTe.47 However, as can be seen in Figure 6.16 there are interesting features 

presented in Raman spectra of the SnTe samples. It was noticed that at a low irradiance, <1 % 

with a fixed spot size 0.01 mm and exposure time of 1 seconds, the Raman signal generated 

in the samples, which possess SnO by XRD, generated a Raman spectra containing broad peaks 

at 109 and 209 cm -1, and are associated with the SnO B1g and A1g phonon modes.48 

Figure 6.15: Raman spectra of α-SnSe films deposited from compound 14=Se onto glass and 
silicon at 300 and 400 oC.  
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Furthermore, from the ‘pure’ SnTe samples, by XRD, there was not Raman peaks detected, 

which is expected for pure cubic SnTe samples at room temperature.  

However, there is one significant observation to consider from the Raman analysis of the pure 

SnTe thin films (without SnO surface impurities);  It was shown that when the laser intensity 

was increased above 1%, a persistent change in the Raman spectra was observed, where 

noticable Raman peaks appear at 92, 123, and 140 cm-1.  When the laser power was brought 

back below <1 % intensity, and the same area of the sample was analysed, the Raman peaks 

persisted without the reappearance of the ‘pure’ SnTe (non-responsive) Raman spectrum, 

previously obtained. Interestingly, these new peaks correspond to Raman modes  elemental 

hexagonal tellurium.49 It appears that that at high powers, the excitation laser causes a 

persistent effect on the SnTe surface, resulting disproportionation of the SnTe, resulting in the 

formation of elemental tellurium and elemental tin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16: Raman spectra of SnTe films deposited from compound 14=Te onto glass at 300 
oC. Presented are the indexed Raman shifts for SnO (Grey), observed in a few contaminated 
SnTe samples. Also presented is the persistent effects induced by the excitation laser, 
including indexed Raman shifts for hexagonal Te (Red).  
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6.3.4 Microscopy (SEM and AFM) and Elemental Analysis (EDAX) 

Films Composed of Metallic Tin 

Evaluation of the surface morphology of thin films grown on silicon substrates only, from 

precursors 13, 14, 14=Se, and 14=Te were carried out using SEM and AFM. Furthermore, 

elemental analysis using EDAX were carried out alongside the SEM analysis.  

The elemental analyses of all the samples deposited from precursors 13 and 14 are 

summarised in Table 6.11 and the acquired EDAX spectra related to these data are presented 

in Appendix C Section A.C.5. The elemental analysis shows that the samples are 

predominantly composed of elemental tin. Other elements such as silicon, carbon and oxygen 

are detected in all sample. High level of silicon detected in some samples comes from the 

underlying substrate and is greater where there are exposed regions in the film. The level of 

carbon and oxygen across the samples vary considerably and indicates that they are 

contaminates from either the handling of samples post deposition, solvent residues from the 

deposition, from the formation of carbonaceous by-products, or most probably from 

atmospheric oxidation of the tin surface in the case of oxygen detection. 

 

 

 

  

Temperature Sn (at. %) C (at. %) O (at. %) Si (at. %) 

Precursor (13)     

300 oC  56.36 18.92 14.36 10.36 
400 oC 44.32 22.12 20.33 13.23 

Precursor (14)     

300 oC 27.19 10.00 7.48 55.33 
400  oC 55.41 15.56 22.22 6.83 

Table 6.11: Overview of the elemental analyses for tin films deposited onto silicon using 
precursors 13 or 14.  
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Figures 6.17 shows a micrograph of the tin films grown on silicon at 400 °C using precursors 

13 and 14, respectively. Both systems generate films with uniform coverage and similar 

spherical grain morphologies. The particles size vary from 50 nm to 300 nm across.  

 

 

 

 

 

 

 
The surface topology of the tin films were measured using AFM and these data correspond 

closely to morphologies of the films observed in SEM. The 3-D AFM micrograph in Figure 6.18 

presents the surface topology of a tin film deposited from 13 at 300 oC onto glass and the 

average surface roughness ranges from an Rms of 39 to 42 nm and similar results are observed 

for other seven tin samples. It is clear that the films consist of a rough surface of tin with a 

relatively large surface area.    

 

 

 

 

 

 

 

 

a) b) 

Figure 6.17: SEM micrographs of Sn films deposited onto silicon at 400 oC using either 
precursor a) 13 or b) 14. Scale bar = 1 µm. 
 

Figure 6.18: 3-D AFM micrographs of Sn films deposited onto glass at 300 oC using 
precursor 13. 
 

Rms = 41 nm 
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Films Composed of Tin Mono-selenide 

The elemental analyses of the samples deposited from precursors 14=Se onto silicon and glass 

at 400 oC are summarised in Table 6.12 and the acquired EDAX spectra related to these data 

are presented in Appendix C.  

 

 

The films deposited onto silicon at 400 oC present tin to selenium stoichiometries close to 1:1, 

which corresponds to α-SnSe. It is assumed that the α-SnSe/Si films have a relatively small 

thickness since the underlying silicon substrate was detected in the EDAX analysis. Detected 

oxygen contaminates are relatively low and could arise from oxidation of the SnSe surface. 

Furthermore the quantities of carbon in both samples are relatively small (4-8 atom and can 

be attributed to the effective volatility of the precursor ligands/ decomposition by-products. 

Interesting, the elemental analysis of the α-SnSe films on glass present low intensity signals 

associated with tin and selenium  although the atomic ratios are 1:0.78 (Sn:Se), either 

indicating tin rich samples of α-SnSe or a combination of SnSe/SnO. The low intensity peaks 

associated with tin and selenium can correspond to the dispersed coverage of SnSe flake-like 

crystallites formed on glass substrates, which can be observed in the SEM micrographs, 

presented in Figure 6.19. Resultantly the EDAX signal detects a high quantity of predominant 

elements within the underlying glass substrate (ie. Na, Si, and O).   

 

 

 

 

Temperature 
(Substrate) 

Sn:Se 
 (Atomic ratio) 

C (at. %) O (at. %) Si (at. %) 

Precursor (14=Se)     

400 oC (Glass) 1:0.78 4.20 60.37 17.12 
400 oC (Silicon) 1:0.95 7.89 4.56 40.31 

Table 6.12: Overview of the elemental analyses for tin mono-selenide films deposited 
onto silicon and glass at 400 oC using precursor 14=Se.  
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Inspection by SEM of the α-SnSe samples deposited using 14=Se at 400 oC onto glass present 

incomplete coverage of the substrate surface consisting of dispersed nucleation of protruding 

nanocrystallite flakes (Figure 6.19, a-c). The dimension of the crystallites are ~1-2nm by ~4-5 

nm, with a protruding length of up to ~100 nm. These crystallites consist of tin and selenium 

at close to 1:1 stoichiometries. It appears that the growth of α-SnSe on glass substrates follows 

Volmer-Weber mechanism (island growth), such that the α-SnSe grows from randomly 

distributed nucleation sites.  

Figure 6.19: SEM micrographs of SnSe films deposited onto a-c) glass at 400 oC and onto d-f) 
silicon at 400 oC using precursor 14=Se. Scale bar = 0.5 µm. 
 

 
 

a) b) 

e) d) 

c) 

f) 
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Meanwhile, films grown onto silicon substrates appear flat and generate a complete and 

uniform film coverage and film growth appears to follow a Frank-van der Merwe mechanism.50 

Furthermore it is not possible to determine the crystallite size within the α-SnSe films 

deposited onto silicon from either SEM or AFM analysis since the samples consist of highly 

smooth surfaces (Rms = 1.94 nm, see Figure 6.20) and no observable grain boundaries. At first 

it appears from initial SEM imaging that there is not a SnSe film present on the silicon surface, 

however EDAX measurements confirms the presence of tin and selenium across the sample 

surface at 1:1 stoichiometries. Furthermore, closer examination of the substrate edge 

presents morphological features such as cracks, delamination, and fractures, which makes it 

possible to clearly visualise the deposited film and understand its thickness. Cross section SEM 

analysis of the α-SnSe/Si interface shows that the α-SnSe films are ~70 nm thick.  

These observations support the optical appearances of the two samples, where the α-SnSe 

films deposited onto silicon are highly reflective with a ‘jet blue’ colour and an apparent 

uniform coating. Whereas the SnSe film grown onto glass are orange with a non-reflective 

matt appearance and less uniform. The stark differences of α-SnSe film growth mechanism on 

Si and SiO2 can be related to the strength of the surface interaction and surface chemistry or 

due to crystallinity of the different substratrs. Other CVD studies depositing SnSe2 (rather than 

SnSe) on SiO2 (ie. Glass) or Si substrates have shown that the SnSe2 grows preferential onto 

glass forming large hexagonal crystallites and no appearance of a film on silicon, and the 

opposite is observed in the current investigation of α-SnSe samples.51 

 

 

 

 

 

 

 

Figure 6.20: 3-D AFM micrographs of α-SnSe films deposited onto a) glass and b) silicon at 
400 oC using  precursor 14=Se. 
 

Rms = 11.3  nm a) 

Rms = 1.94  nm b) 



I. Y. Ahmet 
 

 - 300 -  
 

Films Composed of Tin Mono-telluride 

Only the SnTe samples deposited from 14=Te onto silicon at 400 oC was examined by EDAX 

elemental analysis. The elemental analysis confirms the presence of tin and tellurium at close 

to 1:1 stoichiometries. Furthermore, the carbon contaminates are evident in the samples 

although at relatively low levels (8.68 atm %). There is a large amounts of oxygen present, 

which may be contributed to surface oxidation, which is supported by the detection of SnO 

peaks from the Raman spectroscopy analysis of some SnTe samples.  

 

 

SEM analysis of SnTe films grown at 300 oC onto glass or silicon are presented in Figure 6.13. 

Both SnTe samples consists of films made up of clusters of SnTe crystallites, which forms a film 

with a large surface roughness, where the Rms ranges from 40 nm to 60 nm across all SnTe 

samples. It appears that there is not any substrate selectivity in the film growth, and the 

morphology of SnTe similar on both silicon and glass, unlike the substrate effects is observed 

in the deposition of α-SnSe samples. Cross-sectional analysis of SnTe films produced on silicon 

clearly presents a cluster formation of SnTe crystallites, which arrange into a spherical 

geometry roughly 50 nm in diameter. The films coat the surfaces presenting no observable 

pinholes, although the film volumes is to be occupied by voids. Although these low density 

films are expected to have a large surface area and a high level of surface defects.  

 

 

 

  

Temperature 
(Substrate) 

Sn:Te 
 (Atomic ratio) 

C (at. %) O (at. %) Si (at. %) 

Precursor (14=Te)     

400 oC (Silicon) 1:0.98 8.69 32.01 11.75 

Figure 6.20: 3-D AFM micrographs of SnTe films deposited onto a) glass at 300 oC using 
precursor 14=Te. 
 

Rms = 56.1  nm 

Table 6.13: Overview of the elemental analyses for tin mono-telluride films deposited onto 
silicon at 400 oC using precursor 14=Te.  
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d) 

f) 

e) 

c) 

a) b) 

Figure 6.19: SEM micrographs of SnTe films deposited onto a-c) glass at 300 oC and onto 
d-f) silicon at 300 oC using precursor 14=Te. Scale bar = 0.5 µm. 
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Summary 
 
In conclusion, presented is the synthesis of a series of stable tin(II) bisiguanidinate (13 and 14), 

tin(IV) mixed tetrachalcogeno-bisguanidinate (14-S4 and 14-Se4) and tin(IV) mixed chalcogeno-

bisguanidinate (13-µSe, 13=Te, 14=Se, and 14=Te) complexes, which have been fully 

characterised by NMR and single crystal X-ray analyses. The melting points/decomposition 

temperatures and thermal properties of compounds 13, 14, 13-µSe, 13=Te, 14=Se, and 14=Te, 

have been determined and the TGA analysis, presents all these compounds as potential 

precursors for the deposition of either Sn, SnSe or SnTe.  

A series of AA-CVD experiments have been carried out, using 0.08 M toluene solutions of 

compounds 13, 14 14=Se, and 14=Te, onto either silicon or glass substrates at either 300 or 

400 oC. The materials properties of the deposited films, such as surface roughness, 

composition and crystallite phase, have been presented and discussed. Interestingly, 

compounds 13 and 14 are shown to selectively produce metallic tin thin films at both 300 and 

400 oC. Meanwhile, the precursor solutions of compound 14=Se selectively deposit α-SnSe at 

400 oC only, while at 300 oC no deposition was observed. Interestingly, the α-SnSe films form 

different crystallite and film morphologies and undergo different growth mechanisms 

depending on whether the substrate is crystalline silicon or glass. Finally, precursor solutions 

of compound 14=Te generate SnTe films at both 300 and 400 oC, and on silicon and glass all 

SnTe film consisted of micro crystallite clusters.  

Although contaminants are observed from the XRD, Raman and EDS analysis, it appears that 

that contaminate arise from external factors, which can be prevented, either by handling 

samples appropriately, or by improving the AA-CVD system and completely eliminating 

oxygen from the reactor or through further optimisation of the deposition process.   

This work presents another example, wher ethe reducing properties of the guanidinate ligands 

in metal complexes can be used to control the oxidation state of the resulting materials. In 

this study the tin(II) bisiguanidinates leads to deposition of metallic tin (SnII  Sn0), and the 

tin(IV) mixed chalcogeno-bisguanidinates lead to films consisting of tin(II) mono-chalcogenide 

materials (SnIV  SnII). It is shown that such complexes can be systematically designed to 

deposit a wider range of inorganic materials, where it may be required to control the oxidation 

state of the metals in the material.  
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A summary of all the reactions and products presented in this chapter can be seen in Scheme 6.4 

below:  

 

 

 

 

 

 

 

 

 

 

  

Scheme 6.4 
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7.1 General Experimental Procedures: 
 

7.1.1 Chemical Synthesis and Solution NMR Analysis 

Except those described in Chapter 2, all reactions were carried out using standard Schlenk line 

and glove box techniques under an inert atmosphere of either argon or nitrogen. 

Tetrahydrofuran (THF) was dried over potassium before isolating via distillation. Hexanes and 

toluene solvents were dried using a commercially available solvent purification system 

(Innovative Technology Inc., MA) and all solvents degassed under argon prior to use. Dry 

deuterated benzene (C6D6), deuterated chloroform (CDCl3) and deuterated THF (THF-d8) NMR 

solvents were purchased from Sigma Aldrich. All dry solvents were stored under argon in 

Young’s ampoules over 4 Å molecular sieves. All reagents were purchased from Sigma-Aldrich 

and used as supplied. 

7.1.2 Substrate Preparation 

Glass, FTO and silicon substrates were cleaned using a dilute solution (2%) of HellmanexTM in 

1:1 iso-propanol and deionised water. The films were then cleaned with a 0.3 M solution of 

acetic acid in isopropanol, then isopropanol and finally dried under a fast flow of N2. Glass and 

FTO substrates were further cleaned using a low pressure (0.1 bar)  O2 plasma reactor for 15 

minutes (This increases the surface wetting refer to Chapter 1.6.2). Mo substrate were 

cleaned in a bath of 20% ammonium hydroxide solution for two hours then washed with 

deionised water and isopropanol.  All substrates were wiped with dried lint free clothes and 

sprayed with dry N2 before deposition to remove possible dust particles on the surface.  

Polycrystalline molybdenum (110 oriented) substrates were sputter coated onto 0.5 mm  soda 

lime glass slides (~ 4 nm Rms) and purchased from MTI corporations, Tec 7( ~7Ω/cm2)  fluorine 

doped tin oxide (FTO, 101 oriented) on glass substrates  (~ 20 nm Rms) were purchased from 

Sigma-Aldrich, P-type boron doped 100 oriented silicon wafers were supplied by Element 6TM 

(~ 1 nm Rms) and 5mm High Grade float--glass substrates were coated with a 20 nm layer of 

crystalline Na-SiO2 and purchased from Pilkington (~ 1 nm Rms).  

Chapter 7: Experimental Section 
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7.1.3 Aerosol Assisted Chemical Vapour Deposition (AA-CVD) procedure 

The precursor solution is prepared within a glove box under an atmosphere of argon and all 

solvents are dried and degassed prior to preparation. The precursor holder containing an 

atmosphere of argon is sealed and attached onto to the AA-CVD apparatus. Once all substrates 

were prepared and mounted into the deposition chamber, argon gas is allowed to flow 

through the system, bi-passing the precursor holder, for 20 minutes in order to purge the 

system with argon. Then with continuing gas flow either the hot-wall or cold wall furnace is 

switched on and allowed to reach the target deposition temperature and equilibrate for 20 

minutes. Once this is achieved the gas flow is diverted to flow via the precursor solution which 

draws the solution into the TSI 3076 Constant Output Atomiser and out into the deposition 

chamber where the deposition commences and the timer is started. 

7.1.4 1H, 13C [1H], 77Se [1H], and 119Sn [1H] NMR Procedures: 

NMR experiments were conducted in Young’s tap NMR tubes, prepared and sealed in a glove 

box with an argon atmosphere. NMR data was collected at 25 oC either using a Bruker AV-300 

spectrometer operating at 300.22 MHz (1H), 75.49 MHz (13C), 57 MHz (77Se), and 111.95 MHz 

(119Sn) or a Bruker AV-500 spectrometer at 57 MHz (77Se), and 111.95 MHz (119Sn). Chemical 

shifts were given in ppm and 1H and 13C NMR spectra were referenced internally to residual 

non-deuterated solvent resonances1, 77Se NMR spectra to Ph2Se2 in THF-d8 (δ(77Se) = 463 ppm) 

and 119Sn NMR spectra to neat tetramethylstannane (δ(119Sn) = 0.0 ppm). The following 

abbreviations are used: s (singlet), t (triplet), q (quartet), m (multiplet) and br (broad peak/s). 

7.1.5 Melting points and Elemental analysis (C, H, and N) 

Melting points were determined utilising a Stuart SMP10 Melting Point Apparatus, and 

samples were placed in a seal glass capillary under an atmosphere of argon. Elemental 

analyses were performed externally by London Metropolitan University Elemental Analysis 

Service, UK. 
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7.1.6 Single Crystal X-ray Diffraction analysis 

Single Crystal X-ray Diffraction analysis was performed at 150 K either on a Nonius Kappa CCD 

diffractometer or on a Rigaku Oxford – SuperNova diffractometer, which are both equipped 

with a cryogenic cooler, and graphite monochromated Mo-Kα1 radiation (λ = 0.71073 Å). The 

data collected by the diffractometers was processed using the Nonius Software. Structure 

solutions, followed by full-matrix least squares refinement was performed using either the 

WinGX-170 suite programs or the programme suite X-SEED. Crystals were isolated from argon 

filled Schlenks and immersed under oil before mounting onto the diffractometer. 

7.1.7 Thermogravimetric Analysis (TGA) 

Thermogravimetric data were collected using a Perkin Elmer TGA 4000TM quartz microbalance 

instrument and traces were analysed using PYRIS Version 10.1 Instrument managing and 

analysis software. Samples were prepared air sensitively using crimped sealed aluminium 

sample pans.  TGA’s were performed under a continuous furnace purge rate of N2 at 20 mL 

min-1, where the furnace was heated from 30 oC to 600 oC at a ramp rate of 5 oC min-1, and 

mass measurements were recorded every second (Internally corrected against thermal 

induced buoyancy).  Masses were recalculated back to a measure of percentage, according to 

the initial mass of the sample. 

7.1.8 UV/Vis/IR Transmittance Spectroscopy 

UV-Vis Transmittance spectra were collected using a PerkinElmer® LAMBDA 750/650 UV/Vis 

& UV/Vis/NIR Spectrophotometer. Measurements were recorded at 2000 to 400 nm and zero 

referenced using 5mm High Grade Pilkington Float-glass substrates. 

7.1.9 Powder X-ray Diffractometry (PXRD) 

Powder X-ray Diffraction (PXRD) data were collected on a BRUKER D8-Advance. The X-ray 

diffraction spectra were collected for the thin films using the flat plate mode from 5 to 70 2θ 

at 2o min-1. The X-rays were generated from a Cu source (λ = 1.54 Å). All diffraction spectra 

were processes using DIFFRAC.SUITE™ software and each crystalline phase in the 

diffractogram was identified by search matching using a variety of crystallographic databases 

and published sources.  
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7.1.10 Raman Spectroscopy Analysis  

Raman Spectroscopy analysis was carried out using a Renishaw inVia Raman Microscope with 

a 532 nm (81.7 W) or 720 nm (170 W) excitation laser at varying spot size, exposure time and 

energy intensity. The data was processed using a Renishaw WiRE software package. 

7.1.11 Atomic Force Microscopy (AFM) 

AFM analysis was performed using a Digital Instruments Nanoscope IIIa, with BRUKER SNL-10 

Silicon on Nitride Lever contact tips (tip radius <10 nm, f0: 50-80 kHz, k: 0.350 N/m and T: 

600nm), in contact mode. Images processed using open access Gwyddion SPM data analyser. 

7.1.12 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy and energy dispersive X-ray spectroscopy was performed using 

a Field Emission Scanning Electron Microscope 6301F (FE-SEM), and for top down images with 

a JEOL 6480 Low Vacuum large stage SEM platform. The films were prepared by mounting 

onto steal SEM sample holders with conductive carbon tape attached to the bottom and top 

surface of the samples, to maximise conductivity and prevent charge accumulation. Samples 

were desiccated at 35 oC for 24 hour prior analysis. Secondary electron (SE) images were 

captured at various instrument magnifications ranging from 1,000x to 50,000x.  

7.1.13 Energy-dispersive X-ray spectroscopy (EDS) 

EDS spectra were captured on an Oxford Instruments Scanning Electron Microscope 6480 LV 

fitted with a Silicon Drift (SDD) - X-MaxN Detector and processed using INCA Wave software. 

All spectrum were standardised and calibrated against a standard silicon wafer sample. The 

working distance and electron beam energy (10 keV) were kept consistent between spectral 

analyses. 

7.1.14 Photoluminescence Spectroscopy (PL) 

Room temperature PL measurements were undertaken using a 785 nm irradiation source 

generated from an xenon lamp with a 1.3 mW power and spectra are accumulated from three 

scans collected over 30s at  x 20 magnification. 
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7.1.15 X-ray photoelectron spectroscopy (XPS)  

XPS analysis was performed at NEXUS nanoLAB facilities at the University of Newcastle. All 

spectra were collected using a Theta Probe Angle-Resolved X-ray Photoelectron Spectrometer 

(ARXPS) System by Thermo Scientific and processed using CasaXPS software.  X-rays were 

generated from a high power monochromated Al Kα source (1.486.6 eV) with spot size X-ray 

spot size of 150 μm radius / 70,650 μm2 and spectra calibrated to carbon 1s bond energy of 

284 eV. For etching, an Argon gas cluster ion source was used with a 4 KeV (1000 

atoms/cluster) and a raster size of 1 mm x 2 mm.   

7.1.16 Contact Angle Measurements 

All contact angle measurement were performed using a Drop Shape – DSA30 analyser.  

Between 1-10 µL drop of ethanol were applied to the surface during the measurements.  

7.1.17 Photoelectrochemical measurements: 

a) Sample Preparation 

The films were either deposited onto TEC 7 FTO substrates (1.5 by 3.5 cm) or Molybdenum 

substrates (1 by 3.5 cm) using specified AACVD precursors and techniques. The SnS film was 

removed from the end section of the sample (c.a.  1 cm by 0.7 cm area) by abrasion with 1 μm 

alumina paste or the SnS2 films by using a conc. NaOH 70:30, water:isopropanol solution and 

cotton bud, to expose the Mo or FTO back contact which was then painted with RS Standard 

Silver contact paint and connected to the Potentiostat with crocodile clips. The edges of the 

samples were isolated by scribing through the film with a diamond tipped stylus, and the area 

(c.a. 1 cm by 1cm) to be measured was delineated with polyimide tape. 
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b) The Photoelectrochemical Cell 

The measurement cell was a glass-sided vessel with approximate volume of 27 cm3 (3cm by 

3cm by 3cm). All photoelectrochemical measurements of deposited films were carried out 

using either an aqueous solution of 0.2 M Eu(NO3)3.6H2O (99.9%, Alfa Aesar) as an electron 

scavenging redox electrolyte or an aqueous solution of 0.2 M Na2SO3 (> 98.0 % Sigma Aldrich) 

as an electron hole scavenging redox electrolyte, using deionised water. The photocurrent 

responses of the films were measured under potentiostatic control using a Pt wire counter 

and Ag|AgCl reference electrode and synchronised with the chopper frequency or Flashing 

LED. 

c) Photo current under single wavelength LED illumination (Measurements for Transient 

Photocurrent measurements and Flashing Sweep) 

Photo current under single wavelength LED illuminations were measured using the setup 

shown in Figure 7.1. All measurement were conducted in a Faraday cage to eliminate external 

illumination and electromagnetic interference. Transient photocurrents were generated using 

a constant or pulsed illumination from a ThorLabs LEDC8-Collimated 470nm LED ~10 cm from 

the sample surface and measured using an Ivium Compactstat potentiostat at a range of 

potentials against an Ag|AgCl reference electrode. Data was recorded on IviumSoft 

Electrochemistry Software.  

 Transient photocurrent measurements where conducted at fixed potentials of -0.6 V 

or +0.6 V for a duration of 60 sec. Before measurements were under taken the sample 

was kept in the dark at the measurement potential for 30 seconds to allow the system 

to reach equilibrium.  The blue 470 nm LED was used and pulsed for 2 sec on and 1 sec 

off.  

 Flashing Sweep measurements were conducted with the 470 nm LED using a 

illumination sequence of 3 s on and 2 s off with a sweeping potential from -0.7 V to 

+0.7 V and a slew rate of either 10 mVs-1 or 20 mVs-1. 
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d) Photocurrent spectroscopy (Measurement of External Quantum Efficiency [EQE]) 

The sample cell and battery-powered potentiostat were placed within a Faraday cage to 

eliminate external electromagnetic interference and illumination. Photocurrent spectra were 

obtained using monochromatic light of variable wavelengths provided by a tungsten argon 

lamp (IL6S Bentham Illumination), grating monochromator (G312 ROUG grating) and stepper 

controller (Bentham PCM3B/IEEE), which was calibrated and controlled using the LabVIEW 

software. The incident light was chopped at 27 Hz and a current amplifier (Femto DLPCA-200) 

both connected to a lock-in amplifier (Stanford Research Systems ST830 DSP) was used to 

detect the photocurrent. A yellow filter was used to remove second-order harmonics from the 

monochromatic light at wavelengths above 550 nm. Measurements of the photocurrent as a 

function of wavelength were made at a potential of -0.7 V and +1.0 V vs. Ag|AgCl, using a 

home built battery powered DC potentiostat.  The spectrum was recorded twice in opposite 

directions for wavelength to confirm that the sample was stable before performing a slower 

scan to record the final spectrum. Measurements in the range 1100-400 nm were performed 

with 10 nm intervals. In order to obtain the external quantum efficiency (EQE) of the SnS or 

SnS2 films, the incident photon flux was calibrated using standardized 1 cm2 Si photodiode 

traceable to NBS standards. The after all measurements, the photocurrent as a function of 

wavelength were recorded using the Si photodiode in order to calibrate the spectral flux 

produced by the tungsten lamp, which is used in the calculations of the EQE for the sample 

analysis.  
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Diagrams for Photoelectrochemical measurements: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.2: Schematic of the device setup for photocurrent measurements under a single 
wavelength LED. 

Figure 7.3: Schematic of the device setup for the EQE photocurrent current spectroscopy 
measurements. 

Figure 7.1 Diagram of the ideal photoelectrochemical cells for measuring either a) 
a p-type or b) an n-type thin film semiconductor sample. 

a) b) 
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7.2 Experimental for Chapter 2: 
 

7.2.1 Chemical Reagents 

All reagents were purchased from Sigma Aldrich, including Ethanol (absolute, >99.8 %), Tin(II) 

Chloride dihydrate (98 %), Thiourea/TU (>99.0 %), Nitric Acid (70 %) and Ammonium Nitrate 

(>98 %). Float glass slides and TEC 7 Fluorine doped tin oxide (FTO) coated glass slides were 

purchased from Pilkington (NSG Group). 

7.2.2 Combustion Precursor Solutions (Sn(NO3)2 :TU, 1:1, 1:2 and 1:4 Solutions):  

Three separate mixtures containing 250 mL of Ethanol and 5.64 g of SnCl2.2H2O (0.025 mol), 

4.00 g of NH4NO3 (0.05 mol), and 1 mL of 70 % HNO3 (0.05 mol) were prepared and stirred for 

5 minute. . (Safety Disclosure: Nitric acid must be handle with care especially around organic 

solvents. Explosive ethyl nitrate can be formed from acid catalysed esterification between 

ethanol and nitric acid. Do not add high concentrations of nitric acid to ethanol. Mixtures of 

ethanol and nitric acid solutions should not be stored in closed containers even at low 

concentrations. Ammonium Nitrate is a strong oxidiser and must be at low concentrations 

within organic solvents [<1 M]. Avoid heating mixtures of solid ammonium nitrate with 

organic material as it is known to be explosive). When these solutions turned clear 

equivalents ratios of thiourea (TU) were added to three separate solutions, for the 1:1 ratio, 

1.90 g of TU (0.025 mol), for the 1:2 ratio, 3.81 g of TU (0.05 mol), and for the 1:4 ratio 7.61 g 

of TU (0.1 mol). Instantly the solutions turned yellow with increasing intensity from 1:1 to 1:2 

and to 1:4 being the most intense. The solutions were allowed to stir for 15 minutes and then 

filtered using Whitman® filter paper (For the 1:4 solution a yellow precipitate was formed and 

separated during filtration to give a dry mass of 2.45 g, XRD pattern of powder found in 

Appendix C) For the remaining solutions a small white precipitate was isolated from filtration 

(~0.10 g). All solutions were 0.1M concentration with respect to the Sn2+ ion, a further 0.05 M 

solution was made up from the 1:2 stock solution, by separating 75 mL and further diluting 

with 75 mL of Ethanol. 

7.2.3 Synthesis of α,α-Dithiobisformamidinium Dinitrate (α-DD) 

Mixtures containing 250 mL of Ethanol and 5.64 g of SnCl2.2H2O (0.025 mol), 4.00 g of NH4NO3 

(0.05 mol), and 3.15 mL of 70 % HNO3 (0.05 mol) were prepared and stirred for 5 minute. Once 

the solutions turned clear, 3.81 g of thiourea (0.05 mol) was added and stirred for 10 mins. 
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The solution was filtered through Whatman® filter paper and the solvent was allowed to 

evaporate in air at room temperature over a period of 2 weeks, resulting in the formation of 

yellow (Sulfur) and colourless (α-DD) crystals. The colourless crystals were separated with a 

yield of 3.01 g and then characterised by single crystal X-ray diffraction analysis.  

7.2.4 Perpetration of CVD Graphene Substrates 

CVD Graphene Synthesis 

The CVD graphene substrates used in Chapter 2 were fabricated following procedure set out 

by L. G. De Arco et al..2 Copper films pre-etched in 1 M nitric acid solutions and acted as the 

initial substrate for graphene deposition. Cu substrates were placed in a sealed high-

temperature quartz deposition chamber and heated to 900 oC under a high purity hydrogen 

flow rate of 600 cm3 min-1. Graphene deposition was at 900 oC by introducing methane to the 

chamber at a flow rate of 100 cm3 min-1 for 8 mins. The reactor was then purged with hydrogen 

and allowed to cool to room temperature. 

CVD Graphene Transfer 

CVD graphene was transferred by spin coating a thin layer (300 nm) of poly(methyl 

methacrylate) (PMMA) was deposited on top of the as-synthesized graphene/Cu samples,. 

The copper underneath the graphene was dissolved by dipping the substrate in aqueous nitric 

acid solution (14% w/w) for approximately 1 h under constant heating at 30 °C. The 

PMMA/graphene was transferred to a dish containing deionised water, where it floated on 

the surface of the water held by the surface tension of the liquid. PMMA/graphene was 

transferred to a silicon substrate be direct graphene contact. The PMMA layer was finally 

dissolved in acetone for ∼10 min under reflux, leaving an exposed graphene film on the silicon 

substrate surface. 

7.2.5 Differential Scanning Calorimetry (DSC) Measurements of α-DD 

All DSC scans were obtained using a DSC Q2000 V24.10 Build 122 instrument and analyses was 

performed with a ramp rate of 2.00 oC min-1, a N2 purge gas at a flow rate of 18.0 ml min-1 and 

with the exothermic process going up in the y-axis. A 5.50 mg sample of α-DD was loaded into 

the sample pan and analysed three times.  
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7.3 Experimental for Chapter 3: 
 

7.3.1 Synthesis of Tetrakis(dimethylamido)ditin(II) [Sn(NMe2)2] 

Tetrakis(dimethylamido)ditin(II) was synthesized as previously described procedures,3, 4 using 

lithium dimethyl amide and anhydrous tin(II) chloride.  

Cooled at -20 oC, a stirred 100 ml diethyl ether (Et2O) mixture of anhydrous tin(II) dichloride 

(18.90 g, 0.1 mol) was treated with a 200 ml cooled (-20oC) diethyl ether slurry of lithium N-

dimethyl amide (10.18g, 0.2 mol) via cannula transfer. The mixture was allowed to slowly react 

room temperature and stirred for 24 hours where a white precipitate and orange solution was 

formed. Diethyl ether was removed in vacuo and the remaining solid was treated with 350 mL 

of hexane and stirred for 1 hour. The white precipitate was removed via silica frit filtration 

with celite aid to generate a clear yellow solution. The solution was reduced by three quarters 

by in vacuo and cooled to 0 oC to generate the product as colourless crystalline plates. The 

product was subsequently separated by filtration and dried under vacuum. Yield: 19.4 g, 94 

%. m.p. 91 oC. Analysis, found (calc. for C4H12N2Sn):  C 23.01 (23.22); H 5.77 (5.85); N 13.55 

(13.54). 1H NMR (300 MHz, C6D6): δH 2.80 (br s, 12H, N-(CH3)).13C [1H] NMR (75.5 MHz, C6D6): 

δC 43.23 (s, NCH3).119Sn [1H] NMR (95.3 MHz, C6D6): δSn 122.73 (s). 

7.3.2 Synthesis of BismonoN-tertiarybutylN’,N’dimethylthioureide-bis(dimethylamido) 

ditin(II) [Sn([C4H9]NCSN[Me2])(NMe2)], Compound (1) 

A 80 ml THF solution of Tetrakis(dimethylamido)ditin(II) (4.180 g, 20.10 mmol) was cooled to 

-20 oC. Whilst stirring, the solution was slowly treated with tButyl isothiocyanate (2.55 ml, 

2.316 g, 20.10 mmol) drop wise over 10 minutes. The solution turned from a yellow to 

colourless instantly. Allowing the solution to reach room temperature for 2 hours THF was 

then removed in vacuo and the remaining oil was treated with 80 mL of hexane and filtered 

via silica frit filtration with celite aid to generate a clear colourless solution. The solution was 

concentrated to c.a. 20 mL and stored at -20 oC for 3 days to generate the product as colourless 

crystalline needles. The product was subsequently separated by filtration and dried under 

vacuum. Product was stored at -20 oC to prevent decomposition. Yield: 4.014 g, 62 %. m.p. 99 

oC (Decomposes 133 oC). Analysis, found (calc. for C9H21N3SSn): C 33.28 (33.57); H 6.58 (6.57); 

N 12.94 (13.05). 1H NMR (300 MHz, THF-d8): δH 2.78 (s, 6H, N(CH3)), 2.58 (s, 6H, N(CH3)), 1.31 
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(s, 9H, C(CH3)3).13C NMR (75.5 MHz, THF-d8): δC 128.72 (s, N-C(=S)-N), 45.36 (s, N(CH3)), 

44.02(s, N(CH3)), 30.40 (s, C(CH3)3). 119Sn NMR (75.8 MHz, THF-d8): δSn 94.38 (s). 

7.3.3 Synthesis of BismonoN-phenyl-N’,N’dimethyl-thioureide-bis(dimethylamido) 

ditin(II)  [Sn([C6H5]NCSN[Me2])(NMe2)], Compound (2) 

Phenyl isothiocyanate (2.40 mL, 2.276 g, 20.10 mmol) was added dropwise, over 10 min, to a 

cooled (−40 °C) and stirred THF solution (100 mL) of tetrakis(dimethylamido)ditin(II) (4.180 g, 

20.10 mmol) resulting in an instantaneous colour change from yellow to colourless. After 

stirring at room temperature for 2 h, THF was removed in vacuo. To the residual solid, 80 mL 

of hexane was added and stirred for 1 h, whereupon a white precipitate evolved. The hexane 

was removed from the precipitate by cannula filtration. The precipitate was washed a further 

two times with fresh hexane. The white precipitate was then dissolved in a THF:hexane 

mixture (15 mL:30 mL). After filtration through Celite, the solution was stored at −20 °C for 3 

days, during which time colourless crystalline needles were formed. The product was 

subsequently isolated by filtration and dried in vacuo. Yield, 5.55 g, 86 % , m.p. 125 oC 

decomposed to black. Analysis, found (calc. for C11H17N3SSn): C 38.40 (38.63); H 5.35 (5.01); N 

12.15 (12.29). 1H NMR (300 MHz, THF-d8): δH 7.20-7.11 (m, 2H, N(C6H5)), 6.91-6.72 (m, 3H, 

N(C6H5)), 2.83 (s, 6H, N-(CH3)), 2.62 (s, 6H, N-(CH3)).13C NMR (75.5 MHz, THF-d8): δC 129.43 (s, 

N-C(=S)-N),123.23 (s, N-(C6H5)), 45.37 (s, N-(CH3)), 42.13 (s, N-(CH3)). 119Sn NMR (75.8 MHz, 

THF-d8): δSn 38.50 (s). 

7.3.4 Synthesis of N-1-Adamantyl-N’,N’dimethyl-thioureide-(dimethylamido)-tin(II)  

[Sn([C10H15]NCSN[Me2](NMe2)], Compound (3) 

A 40 ml THF solution of 1-adamantyl isothiocyanate (1.943g, 10.05 mmol) treated drop wise 

over 10 minutes with a 80 ml THF solution of Tetrakis(dimethylamido)ditin(II) (2.09 g, 10.05 

mmol) cooled to -20 oC. The solution turned from yellow to pale yellow. Allowing the solution 

to reach room temperature for 2 hours, THF was then removed in vacuo and the remaining oil 

was treated with 80 ml of toluene and filtered via silica frit filtration with celite aid to generate 

a clear colourless solution. The solution was concentrated to c.a. 20 ml and stored at -20 oC 

for 3 days to generate the product as colourless crystalline needles. The solid precipitate was 

subsequently separated by filtration and dried under vacuum. Yield: 2.88 g, 71 %.Analysis, 

found (calc. for C22H35N3SSn): C 53.89 (53.67); H 7.80 (7.17); N 8.44 (8.54). 1H NMR (300 MHz, 

THF-d8): δH 1.69 (s, 3H, N-(CH3)2), 1.63 (m, 12H,C10H15 and N-(CH3)2), 1.30 (m, 3H, C10H15), 1.29 
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(m, 6H, C10H15).PENDANT 13C NMR  (75.5 MHz, THF-d8): δC 138.55 (s, N-C(=S)-N), 43.90 (s, N-

C(CH2)3), 44.72 (s, N-(CH3)2), 44.80 (s, N-(CH3)2), 31.18(s, CH2), 31.39 (s, CH2), 37.68 (s, CH2-CH-

CH2). 119Sn [1H] NMR (112 MHz, THF-d8): δSn 102 (s). 

7.3.5 Synthesis of BisN-allyl-N’,N’dimethyl-thioureide-tin(II) [Sn([C3H5]NCSN[Me2])2], 

Compound (7) and BismonoN-allyl-N’,N’dimethyl-thioureide-bis(dimethylamido) 

ditin(II)  [Sn([C6H5]NCSN[Me2])(NMe2)], Compound (4i) 

A 80 ml THF solution of Tetrakis(dimethylamido)ditin(II) (2.09 g, 10.05 mmol) was cooled to -

.-20 oC and, whilst stirring, the solution was slowly treated with allyl isothiocyanate (0.98 ml, 

0.996 g, 10.05 mmol) drop wise over 10 minutes. The solution turned from an intense yellow 

to pale yellow instantly. Allowing the solution to reach room temperature for 2 hours THF was 

then removed in vacuo and the remaining oil was treated with 80 ml of hexane and filtered 

via silica frit filtration with celite aid to generate a clear colourless solution. The solution was 

concentrated to c.a. 20 ml and stored at -20 oC for 3 days to generate the product as colourless 

white powder containing crystalline needles. The solid precipitate was subsequently 

separated by filtration and dried under vacuum. Yield: 2.229 g, 84 %, m.p. 100 oC decomposed 

to black. Analysis, found (calc. for C8H17N3SSn): C 31.13 (31.40); H 5.55 (5.60); N 13.61 (13.73). 

Compound (4i): 

1H NMR (300 MHz, C6D6): δH 6.39-6.21 (m, 1H, (CH2)-(CHa)=CH2, 3JHaHb 16.67 Hz, 3JHaHc 8.67 Hz, 

3JHaH 5.84 Hz), 5.60-5.45 (bm, 1H, (CH)=CH2
b,3JHbHa 16.67 Hz), 5.20-5.13 (bm, 1H, (CH)=CH2

c, 

3JHcHa 8.67 Hz), 4.63 (br, 2H, CH2(CH)=CH2), 3.03 (s, 6H, N-(CH3)2), 2.94 (s, 12H, N-(CH3)2), 2.44 

(s, 6H, N-(CH3)2). 

13C [1H] NMR (75.5 MHz, C6D6): δC 140.01 (s, N-C(=S)-N), 121.15 (s, (CH)=CH2), 117.01(s, 

C(CH)=CH2), 45.66 (s, N-(CH3)2), 45.59 (s, N-(CH3)2), 45.28 (s, N-(CH3)2), 41.59 (s, N-(CH2)C) 

 119Sn [1H] NMR (75.8 MHz, C6D6): δSn -230.01 (s) and -210 (s).  

For [Sn-(NMe2)2]2 : 

1H NMR (300 MHz, C6D6): δH 2.80 (br s, 12H, N-(CH3)).13C [1H] NMR (75.5 MHz, C6D6): δC 43.23 

(s, NCH3).119Sn [1H] NMR (95.3 MHz, C6D6): δSn 122.73 (s). 
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Compound (7): 

1H NMR (300 MHz, C6D6): δH 5.90-5.70 (m, 2H, (CH2)-(CHa)=CH2, 3JHaHb 16.25 Hz, 3JHaHc 10.27 

Hz, 3JHaH 4.90 Hz), 5.28-5.18 (dd, 2H, (CH)=CH2
b, 2JHbHc 1.70 Hz, 3JHbHa 16.25 Hz), 5.03-4.96 (dd, 

2H, (CH)=CH2
c, 2JHcHb 1.70 Hz, 3JHcHa 10.27 Hz), 4.27-4.19 (d, 4H, CH2(CH)=CH2, 3JHaH 4.90 Hz), 

2.52 (s, 12H, N-(CH3)2).13C [1H] NMR (75.5 MHz, C6D6): δC 183.93 (s, N-C(=S)-N), 137.55 (s, 

(CH)=CH2), 116.07 (s, C(CH)=CH2), 52.66 (s, N-(CH2)C), 42.21 (s, N-(CH3)2). 119Sn NMR [1H] (75.8 

MHz, C6D6): δSn -409.36 (s). 

7.3.6 Synthesis of BisN-Phenyl-N’,N’dimethyl-thioureide-tin(II)  [Sn([C6H5]NCSN[Me2])2] 

Compound (5)  

Phenyl isothiocyanate (4.80 mL, 4.552 g, 40.20 mmol) was added dropwise, over 10 min, to a 

cooled (−40 °C) and stirred 50ml Hexane/50 ml THF solution of tetrakis(dimethylamido)ditin(II) 

(4.180 g, 20.10 mmol) which resulted in an instantaneous colour change from yellow to 

colourless. After stirring at room temperature for 2 h, the THF/Hexane was removed in vacuo. 

To the residual solid, 80 mL of hexane was added and stirred for 1 h, then allowed to 

recrystallize for 3 days at room temperature. Yield: 6.85 g, 78%, m.p. 108 oC decomposes to 

yellow at 115 oC. Analysis found (calc. for C18H22N4S2Sn): C 45.26 (45.30); H 4.73 (4.65); 11.65 

(11.65).1H NMR (300 MHz, THF-d8): δH 7.20-7.09 (d, 4H, N-(C6H5)), 6.94-6.85 (t, 2H, N-(C6H5)), 

6.83-674 (dd, 4H, N-(CH3)), 2.78 (s, 6H, N-(CH3)).13C [1H] NMR (75.5 MHz, THF-d8): δC 177.39 

(s, N-C(=S)-N),148.76 (s, N-(C6H5)), 129.52 (s, N-(C6H5)), 123.73 (s, N-(C6H5)), 42.20(s, N-(CH3)).  

119Sn [1H] NMR (75.8 MHz, THF-d8): δSn -411.01 (s). 

7.3.7 Synthesis of BisN-1-Adamantyl-N’,N’dimethyl-thioureide-tin(II)  [Sn([C10H15]NCSN 

[Me2])2] Compound (6) 

A 40 ml THF solution of 1-adamantyl isothiocyanate (3.886 g, 20.10 mmol) treated drop wise 

over 10 minutes with a 40 ml THF solution of Tetrakis(dimethylamido)ditin(II) (2.09 g, 10.05 

mmol) cooled to -20 oC. The solution turned from yellow to colourless. Allowing the solution 

to reach room temperature for 2 hours THF was then removed in vacuo and the remaining oil 

was treated with 80 ml of hexane and filtered via silica frit filtration with celite aid to generate 

a clear colourless solution. The solution was concentrated to c.a. 20 ml and stored at -20 oC 

for 3 days to generate the product as colourless crystalline needles. The solid precipitate was 
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subsequently separated by filtration and dried under vacuum. Yield: 4.98g, 83 %, 144 oC 

(decomposed at 148 oC to black). Analysis, found (calc. for C26H42N4S2Sn): C 52.40 (52.62); H 

7.32 (7.13); N 9.33 (9.44) 

1H NMR (300 MHz, THF-d8): δH 2.33 (m, 12H,C10H15), 2.05 (s, 12H, N-(CH3)2), 1.86 (m, 6H, 

C10H15), 1.47 (m, 12H, C10H15).PENDANT 13C [1H] NMR (75.5 MHz, THF-d8): δC 129.66 (s, N-C(=S)-

N), 126.03 (s, N-C(CH2)3), 45.92 (s, N-(CH3)2), 44.11 (s, CH2), 37.82 (s, CH2), 31.30 (s, CH2-CH-

CH2). 119Sn [1H] NMR (75.8 MHz, THF-d8): δSn - 413.95 (s). 

7.3.8 Synthesis of BisN-Allyl-N’,N’dimethyl-thioureide-tin(II)  [Sn([C3H5]NCSN[Me2])2] 

Compound (7) 

A 80 ml THF solution of Tetrakis(dimethylamido)ditin(II) (2.09 g, 10.05 mmol) was cooled to -

20 oC and whilst stirring the solution was slowly treated with allyl isothiocyanate (1.97 ml, 

1.992 g, 20.10 mmol) drop wise over 10 minutes. The solution turned from an intense yellow 

to colourless. Allowing the solution to reach room temperature for 2 hours THF was then 

removed in vacuo and the remaining oil was treated with 80 ml of hexane and filtered via silica 

frit filtration with celite aid to generate a clear colourless solution. The solution was 

concentrated to c.a. 20 ml and stored at -20 oC for 3 days to generate the product as colourless 

crystalline needles. The solid precipitate was subsequently separated by filtration and dried 

under vacuum. Yield: 3.56g, 86 %, 105 oC decomposed to black. Analysis, found (calc. for 

C12H22N4S2Sn): C 35.13 (35.57); H 5.52 (5.47); N 13.84 (13.83) 

1H NMR (300 MHz, C6D6): δH 5.90-5.70 (m, 2H, (CH2)-(CHa)=CH2, 3JHaHb 16.25 Hz, 3JHaHc 10.27 

Hz, 3JHaHd 4.90 Hz), 5.28-5.18 (dd, 2H, (CH)=CH2
b, 2JHbHc 1.70, 3JHbHa 16.25), 5.03-4.96 (dd, 2H, 

(CH)=CH2
c, 2JHcHb 1.70, 3JHcHa 10.27), 4.27-4.19 (d, 4H, CH2(CH)=CH2, 3JHaHd 4.90 Hz), 2.55 (s, 12H, 

N(CH3)2).13C [1H] NMR (75.5 MHz, C6D6): δC 183.93 (s, N-C(=S)-N), 137.55 (s, (CH)=CH2), 116.07 

(s, C(CH)=CH2), 52.66 (s, N-(CH2)C), 42.21 (s, N-(CH3)2). 119Sn [1H] NMR (75.8 MHz, C6D6): δSn -

409.36 (s). 

7.3.9 Synthesis of Lithium N-Ethylmethylamide  [LiN(C2H5)(CH3)] 

At -20 oC a stirred hexane 800 ml solution of N-Ethylmethylamine, 36.34 ml (25 g, 0.4229 mol), 

was treated with 263 ml of a 1.6 M hexane solution of n-Butyl-lithium (0.420 mol) over a 

period of 10 min. The solution was allowed to stir at -20 oC 30 min. A white precipitate forms 
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after 24 hours of stirring at room temperature. The solution was then filtered through Celite 

and washed with a further 400 ml of hexanes. The collected white precipitate was then dried 

in vacua and stored within an argon filled glove box. Yield: 17.89g, 65 %. 

1H NMR (300 MHz, THF-d8): δH 2.85-2.78 (quart, 2H, -CH2-CH3, 
3JHH 7.10 Hz), 2.72 (s, 3H, -CH3), 

1.07 (t, -CH2-CH3, 
3JH 7.10 Hz) 13C [1H] NMR (300 MHz, THF-d8): δC 55.39 (s, CH2CH3), 44.88 (s, 

CH3), 18.81 (s, CH2CH3) 

7.3.10 Synthesis of Tetrakis(ethylmethylamido)ditin(II)  [Sn(NMeEt)2] Compound (8)  

Cooled at -20 oC, a 100 ml stirred diethyl ether mixture of anhydrous tin(II) dichloride (14.59 

g, 7.69 mmol) was treated with  a 200 ml cooled diethyl ether slurry of lithium ethylmethyl 

amide (10.01g, 3.84 mmol) via cannula transfer. The mixture was allowed to slowly react at 

room temperature and stirred for 24 hours where a white precipitate and yellow solution was 

formed. Diethyl ether was removed in vacuo and the remaining solid was treated with 350 ml 

of hexane and stirred for 1 hour. The white precipitate was removed via silica frit filtration 

with celite aid to generate a clear yellow solution. The hexane was removed in vacuo and a 

dark orange vicious oil remained.  The product was subsequently removed by short path 

vacuum distillation, where the oil was at 60-90 oC and condenser flask at -20 oC. The product 

was a pale green liquid, which was stored in an argon filled glove box. Yield: 1.90 g, 53 %. 

Liquid. Analysis, found (calc. for C12H32N4Sn): C, 30.64 (30.68); H, 6.84 (6.87); N, 11.95 (11.93). 

1H NMR (300 MHz, THF-d8): δH 3.35-3.11 (br. m, 20H, CH2-CH3), 3.10-3.04 (br, qu, 20H, CH2-

CH3, 3JHH 6.80 Hz), 3.02-2.95 (qu, 20H, CH2-CH3, 3JHH 7.10 Hz), 2.81 (s, 10H, -CH3), 2.73 (s, 30H, 

-CH3), 2.65 (s, 10H, -CH3), 2.45 (s, 10H, -CH3), 1.31-1.26 (br. t, 10H, CH2-CH3, 3JHH 6.80 Hz), 1.22-

1.18 (br. t, 20H, CH2-CH3, 3JHH 7.1 Hz), 1.13-1.06 (br. t, 70H, CH2-CH3, 3JHH 7.1 Hz). 13C NMR (75.5 

MHz, THF-d8): δC 60.49 (br. s.) 59.79 (s) 59.03 (s) 50.53 - 50.98 (m) 50.31 (br. s.) 50.01 (br. s.) 

49.77 (s) 49.61 (br. s.) 48.21 (s) 48.07 (s) 42.37 (br. s.) 40.96 - 41.77 (m) 39.56 (br. s.) 39.17 (br. 

s.) 36.41 (br. s.) 22.72 (br. s.) 21.96 (s) 17.48 (br. s.) 15.90 - 16.38 (m) 15.27 (br. s.) 13.35 (br. 

s.) 11.87 - 12.43 (m). 119Sn NMR (112 MHz, THF-d8): δSn 137.89 (br. s), 126.58 (br. s), 107.83 

(br. s), 93.30 (br. s), 22.02 (br. s), 0.50 (br. s), -71.76 (br. s), -121.72 (br. s), -127.98 (br. s). 
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7.3.11 Synthesis of BisN-Phenyl-N’,N’ethylmethyl-thioureide-tin(II).[Sn([C6H5]NCSN 

[EtMe])2] Compound (9) 

Phenyl isothiocyanate (1.03 ml , 1.17 g, 8.65 mmol) was added dropwise, over 10 min, to a 

cooled (−40 °C) and stirred THF solution (100 mL) of tetrakis(ethylmethylamido)ditin(II) (1.035 

g, 4.404 mmol) which resulted in an instantaneous colour change from yellow to colourless. 

After stirring at room temperature for 2 h, THF was removed in vacuo. To the residual solid, 

80 mL of hexane was added and stirred for 1 h, whereupon a white precipitate evolved. The 

hexane was removed from the precipitate by cannula filtration. The precipitate was washed a 

further two times with fresh hexane. The white precipitate was then dissolved in a 

THF:hexanes mixture (10 mL:20 mL). After filtration through Celite, the solution was stored at 

−20 °C for 3 days, during which time colourless crystalline needles were formed. The product 

was subsequently isolated by filtration and dried in vacuo. Yield: 1.34 g, 60 %. m.p. 82 oC, 

decomp. 205 oC (yellow residue). Analysis, found (calc. for C12H32N4Sn): C, 47.40 (47.54); H, 

5.14 (5.19); N, 11.03 (11.09). 

1H NMR (300 MHz, THF-d8): δH 7.17-7.12 (dd, 4H, HmPhenyl, 3JHmHo=HmHp 7.50 Hz), 6.92-6.87 (tt, 

2H, HpPhenyl, 3JHpHm 7.50 Hz, 4JHpHo 1.1 Hz),  6.78-6.76 (d, 4H, HoPhenyl, 3JHoHm 7.50 Hz), 3.38 

(q, 4H, CH2-CH3, JHH 7.16 Hz), 2.59 (s, 6H,N-CH3), 1.09 (t, 6H,CH2-CH3, JHH 6.97 Hz).13C [1H] NMR 

(75.5 MHz, THF-d8): δC 176.44 (s), 148.91 (s), 130.22 (s), 129.51 (s), 123.57 (s), 49.69 (s), 39.14 

(s), 12.67 (s).  119Sn [1H] NMR (112 MHz, THF-d8): δSn -402.69 (s) 

7.3.12 Synthesis of Bis[BisN-Phenyl-N’,N’dimethyl-thioureide]-tin(IV)cyclic selenide          

[Sn([C6H5]NCSN[Me2])2(μ-Se)2], Compound (10) 

At -20 oC, a stirred THF (60 ml) solution of 3.27g (6.841 mmol) of Bis-N-Phenyl-N’,N’dimethyl-

thioureide-tin(II) was treated  with a THF (40 ml) solution of tbutyl-selenoisocyanate (1.108g, 

6.841 mmol). The solution turns dark red after 2 hours of stirring at room temperature. After 

which the THF and tbutyl-isocyanide by product was removed in vacuo and a brown 

precipitate remained. The brown precipitate was then dissolved in a Hexane mix (40 mL) to 

form a yellow solution. After filtration through Celite, the solution was stored at −20 °C for 3 

days, during which time yellow crystalline needles were formed. Yield: 2.20g, 50 %, m.p. 223 

oC, decomp. 242 oC (red residue). Analysis, found (calc. for C36H44N8S4Se2Sn2): C, 38.77 (38.87); 

H, 4.02 (3.99); N, 10.11 (10.07). 
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1H NMR (300 MHz, C6D6-d6): δH 6.90 (br. s, 4H, HpPhenyl), 6.77-6.72 (dd, 8H, HmPhenyl, 3JHmHo 

7.82 Hz), 6.56-6.53 (d, 8H, HmPhenyl, 3JHoHm 7.82 Hz), 2.46 (s, 24H, -CH3).13C NMR (75.5 MHz, 

C6D6-d6): δC 144.29 (s, N-C(=S)-N), 129.49 (s, N-(C6H5)), 123.87(s, N-(C6H5)), 122.02 (s, N-(C6H5)), 

53.54 (s, N-(C6H5)), 43.36 (s, N-(CH3)2).119Sn NMR (112 MHz, C6D6-d6): δSn -399.76 (br.s). 77Se 

NMR (95 MHz, C6D6-d6): δSe No Detectable peak. From 1100 to -1100 ppm.  

7.3.13 Synthesis of [N-Phenyl-N’,N’dimethyl-ureide]-ditin(II) cyclic (N-Phenyl-N’,N’ 

dimethyll-ureide)(Dimethylamido)[Sn([C6H5]NCSN[Me2])(μ-([C6H5]NCSN[Me2]) 

(NMe2)], Compound (11) 

Phenyl isocyanate (0.53 ml, 0.58 g, 4.879 mmol) was added dropwise, over 10 min, to a cooled 

(−40 °C) and stirred THF solution (30 mL) of tetrakis(N-methylamido)ditin(II) (1.01 g, 4.879 

mmol). After stirring at room temperature for 2 h, THF was removed in vacuo. To the residual 

solid, 30 mL of hexane was added and stirred for 20 min. After filtration through Celite. The 

solution was stored at RT for 3 days, during which time colourless crystalline needles were 

formed. The product was subsequently isolated by filtration and dried in vacuo. Yield: 0.75 g, 

60 %. m.p. 115 oC, Decomp. 150 oC (orange residue). Analysis, found (calc. for C29H39N7O3Sn2): 

C, 45.24 (45.17); H, 4.88 (5.10); N, 11.75 (12.72). 

1H NMR (300 MHz, C6D6-d6): δH 7.13-7.08 (m, 6H, HmPhenyl, 3JHmH 7.78 Hz), 6.96-6.94 (m, 6H, 

HoPhenyl, 3JHoH 7.50 Hz), 6.84-6.79 (m, 3H, HpPhenyl, 3JHpH 7.82 Hz), 2.60-2.45 (br., 24H, N-

(CH3)2).13C [1H] NMR (75.5 MHz, C6D6-d6): δC 165.18 (s, N-C(=O)-N), 147.67 (s, N-C(=O)-N), 

129.18 (s, N-(C6H5)), 124.74 (br. s, N-(C6H5)), 122.08 (s, N-(C6H5)), 40.36 (br. s, N-(CH3)2), 38.49 

(s, N-(CH3)2).119Sn [1H] NMR (112 MHz, C6D6-d6): δSn -217.25 (s), -200.2 (br. s). No Evidence of 

tetrakis(methylamido)ditin(II) in the NMR 
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7.3.14 Synthesis of tin(IV)tetra(N-Phenyl-N’,N’dimethyl-ureide)  [Sn([C6H5]NCON[Me2])4], 

Compound (12) 

Phenyl isocyanate (1.97 ml, 2.16 g, 18.13 mmol) was added dropwise, over 10 min, to a cooled 

(−40 °C) and stirred THF solution (150 mL) of Tetrakis(dimethylamido)tin(IV) (1.34 g, 4.53 

mmol). After stirring at room temperature for 2 h, THF was removed in vacuo. To the residual 

solid, 150 mL of hexane was added and stirred for 20 min. After filtration through Celite. The 

solution volume was reduced in vacuo until the solution went cloudy (~40 ml). The solution 

was stirred and gently heated until the solution was clear and was stored at RT for 3 days, 

during which time colourless crystalline cubes were formed. The product was subsequently 

isolated by filtration and dried in vacuo. Yield: 2.89 g, 83 %. Analysis, found (calc. for 

C36H44N8O4Sn): C, 55.89 (56.05); H, 5.72 (5.75); N, 14.41 (14.52).  

1H NMR (300 MHz, THF-d8): δH 7.39 - 7.53 (m, 4H, HpPhenyl) 6.93 - 7.25 (m, 16H, HmHoPhenyl) 

2.43 (s, 24H,CH3). 13C [1H] NMR (75.5 MHz, THF-d8): δC 146.79 (s, N-C(=O)-N), 128.31 (s, N-

(C6H5)), 126.04 (s, N-(C6H5)), 122.25 (s, N-(C6H5)), 120.04 (s, N-(C6H5)), 38.93 (s, N-(CH3)2).  119Sn 

[1H] NMR (112 MHz, THF-d8): δSn No Peak found between 800 to -450 ppm.  
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7.4 Experimental for Chapter 5 

7.4.1 Solar Cell Processing 

Molybdenum Substrates for PV Fabrication: 

Substrates of Mo coated soda-lime glass (800 nm, Rsq = 0.16 Ωsq-1 ) were deposited by DC-

magnetron sputtering deposition (Ac450, Alliance Concepts, 4.3 W cm-2 , 0.0006 mbar, 10 

sccm Ar, 120 oC, 40 min) using 99.99% purity targets. 

Deposition of the Mesoporous TiO2 onto (TEC 7) FTO Substrates: 

For the TiO2 precursor solution 35 µL of 2 M HCl in 2.5mL of 2-propanol was added drop-wise 

to a solution with 369μL titanium isopropoxide (97%, Sigma- Aldrich) in 2.5 mL of 2-propanol 

under heavy stirring. Cleaning was done by washing the FTO substrates sequentially with a 

Hellmanex® solution (2 wt% in deionised water), acetone, ethanol and deionized water, and 

finally oxygen plasma treatment for 30 min. The TiO2 blocking layer was deposited from the 

precursor solution of titanium isopropoxide via spin-coating at 2000 rpm for 60 s (2000 rpm/s 

ramp rate). Sequential annealing of the precursor thin-film at 150 and 500 oC for 30 min gave 

a blocking layer with a thickness of ~50 nm. 

Deposition of α-SnS and Cubic-SnS absorber layers: 

The deposition process and temperature was selected to deposit either SnS poly morph: 1) 

For Cubic-SnS films, deposition was performed at 300 oC for 100 mins 2) For α-SnS films 

deposition was performed at 375 oC for 90 mins, plus an extra deposition step at 400 oC for 10 

mins. 

Chemical Bath Deposition of CdS from Cd(SO4).H2O and Thiourea: 

Prior CdS deposition the surface of the SnS absorber layers are etched by submerging films in 

a 10 % solution of (NH4)2S for 30 secs and then rinsed with deionised water. A ~50 nm buffer 

layer was deposited onto the SnS absorber layer following procedures published by M. 

Neuschitzer et al.5 where absorber layers are submerged in an aqueous pH=9.7 ammonium 

hydroxide chemical bath solution, which is stirred, and treated with 0.12 M CdSO4 and 0.3 M 

Thiourea at 70 oC for 7 mins. After this time the devices are re removed from solution and 

wash several times with deionised water and dried under N2.  
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DC-pulsed Sputtering Depositon of the i-ZnO and ITO Layer: 

The deposition of the i-ZnO (10 nm) layer and ITO layer was achieved by DC-sputtering 

techniques a RT (200 nm, Rsq = 10 Ωsq-1) using a CT100, Alliance Concepts.  

Device Scribing and Completing 

All devices in this investigation possessed an active area of 0.09 cm2 (3 mm x 3 mm) and this 

was produced by mechanical scribing using a microdiamond scriber MR200 OEG (OEG 

Gesellschaft für Optik, Elektronik & Gerätetechnik mbH, Frankfurt, Germany) with a scribed 

line width of ~20 µm. Indium contacts were soldered onto an exposed area of the Mo or FTO 

back-contact created by mechanical abrasion at the edge of the devices.  

Solar Simulator 

Dark and illuminated J-V curves were measured using a Sun 3000 class AAA solar simulator 

(Abet Technologies Inc., Milford, Connecticut, USA; uniform illumination area of 15x15 cm), 

starting from negative to positive voltages. Measurements were carried out at 25 °C, and 

before measurements, the intensity of the solar simulator was calibrated to 1 sun AM 1.5 by 

using a Si reference cell. 

External Quantum Efficiency (EQE) Measurements of Complete SnS Devices 

The EQE spectrum of full devices were measured with a Bentham PVE300 system in the 300–

1200 nm wavelength range, and calibrated by using Si and Ge photodiodes. Reversed voltage-

biased EQE curves were collected by connecting a Keithley 2400 source meter (Keithley 

Instruments Inc., Cleveland, Ohio, USA) directly to the primary coil of the transformer and 

biasing the device at the desired potential, referenced against the cell voltage. 
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7.5 Experimental for Chapter 6 
 

7.5.1 Synthesis of tButyl-Isocyanide 

Into a 200 mL round bottom flask 30.32 mL (0.256 mol) of tert-butyl-formamide, 50.00g (0.262 

mol) of p-toluenesulfonyl chloride and 120.00 mL (1.0 mol) of quinolone were added. The 

solution was stirred for two hours under reflux at 50 oC. The reaction mixture was then rotary 

evaporated at 30 oC at a reduced pressure of 10-2 mbar, and the condensed brown liquid was 

collected for 1 hour. The liquid was then distilled at 1 atm using a distillation apparatus and 

heating at 70 oC. The resultant product was a clear liquid with a pungent odour. The liquid was 

stored in a young’s ampule containing dried 4A molecular sieves and degassed using a twice 

repeated cold vacuum technique. Yield: 18.34 g, (0.221 mol) 85 %, 1H NMR (CDCl3) δH 1.422 

(t, 9 H, t-but, 4JHN 2.3 Hz), 13C [1H] NMR- (CDCl3) δC 31.71 (tbutyl) 55.95, (tBut-C-N), and 

122.87(broad, N=C). 

7.5.2 Synthesis of tbutyl-selenoisocyanate (Selenium Transfer Reagent) 

A 100 mL Schlenk flask under inert atmosphere was charged with 0.86g (11 mmol) of 

elemental selenium and evacuated for 20 minutes. 45 mL of dry THF was then added and 

stirred for 10 mins (or for later reactions sonicated for 1 minute). 1.131ml (0.83 g, 10 mmol) 

of tButy-isocyanide was then added by syringe. The reaction was heated to 40 oC and sonicated 

for 6 hrs. tbutyl-selenoisocyanate was isolated by cannula filtration of the solution using 

Whatmann microfiber glass filter paper and then dried in-vacuo until a dark red solid was 

formed. The product was then purified by vacuum sublimation at r.t. using a cold finger at 77 

K, generating a colourless crystalline product. The product was recrystallized in warm hexane 

to form large colourless crystals. 

 

 

 

 



An Investigation of Tin Chalcogenide Precursors and Thin Film Materials for Applications in 
Energy Harvesting Devices 

 

- 329 - 

7.5.3 Synthesis of Bis-(1,3-N,N’-diisopropyl-2,2dimethylamide-guanidinate)-1,3-N,N’-

Tin(II) Compound (13) 

1.51 mL (1.22 g, 9.66 mmol) of N,N’-diisopropyl-carbodiimide was reacted with 1.00 g (4.83 

mmol) of bis-dimethylamino tin(II) in a 50 mL solution of THF. The solvent was removed in 

vacuo and the remaining precipitate was treated with 30 ml hexane, then warmed (to ~35 oC) 

and filtered through Celite. The remaining solution was cooled to room temperature and 

allowed to recrystallize over two days, resulting in a microcrystalline powder, which was 

isolated via cannula filtration and dried in vacuo. Yield: 1.93 g (2.96 mmol), 87 %. m.p. 58 oC. 

Analysis, found (calc. for C18H40N6Sn): C 47.13 (47.07); H 8.82 (8.78); N 18.84 (18.30). 

1H NMR (300 MHz, C6D6): δH 1.35 (d, 24 H, C-(CH3)2, 
3JHH

 6.3Hz), 2.49 (s, 12H, N-(CH3)2), 3.77 

(Sep, 4H, N-CH-(Me), 3JHH
 6.3Hz).13C [1H] NMR (75.5 MHz, C6D6): δC 24.45, 38.61, 164.47.119Sn 

[1H] NMR (75.8 MHz, C6D6): δSn -381.60. 

7.5.4 Synthesis of Bis-(1,3-N,N’,dicyclohexyl,2,2-N’’-dimethylamide-guanidinate)-1,3-

N,N’-Tin(II) Compound (14) 

A 70 ml THF solution containing 7.5 g (36.38 mmol) of N,N’-dicyclohexyl-carbodiimide was 

added to a 100 ml THF solution containing 7.5 g (36.06 mmol) of bis-dimethylamino tin(II) and 

stirred at RT for 3 hours. The solvent was removed in vacuo and the remaining precipitate was 

treated with 50 ml hexane, then warmed (to ~35 oC) and filtered through Celite. The remaining 

solution was cooled to room temperature and allowed to recrystallize over two days, resulting 

in large colourless crystals, which were isolated via cannula filtration and dried in vacuo. Yield: 

15.1g (24.3 mmol), 67 %. m.p. 113 oC. Analysis, found (calc. for C30H56N6Sn): C 58.19 (58.16); 

H 9.14 (9.11); N 13.60 (13.57) 

1H NMR (300 MHz, C6D6): δH 1.21-2.06 (m, 20 H, cyclohexyl), 2.61 (s, 6H, N-(CH3)2), 3.45 (m, 

2H, N-CH-C5H10). 13C [1H] NMR (75.5 MHz, C6D6): δC 3.99 (cyclohexyl), 25.47 (N-(CH3)2), 45.51 

(cyclohexyl), 64.05 (cyclohexyl), 123.22 (N-cyclohexyl), 130.03 (N=C=N). 119Sn [1H] NMR (75.8 

MHz, C6D6): δSn -395.40 
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7.5.5 Synthesis of 1,3-N,N’,dicyclohexyl,2,2-N’’-dimethylamide-guanidinate-1,3-N,N’-

Tin(II)-dimethylamine Compound (17) 

A 70 ml THF solution containing 0.47 mL (0.375 g, 2.41 mmol) of N,N’-ditertbutyl-carbodiimide 

carbodiimide was added to a 30 ml THF solution containing 0.25 g (1.20 mmol) of bis-

dimethylamino tin (II) and stirred at RT for 3 hours. The solvent was removed in vacuo and the 

remaining oil was treated with 50 ml hexane, then warmed (to ~35 oC) and filtered through 

Celite. The remaining solution was cooled to room temperature and allowed to recrystallize 

over two days, resulting in large pale yellow crystals, which were isolated via cannula filtration 

and dried in vacuo. Yield: 1.40g (3.87 mmol), 84 %. m.p. 32 oC. decomp. 174 oC (Decomposed 

to a black solid). Analysis, found (calc. for C13H30N4Sn): C 43.24 (43.24); H 8.40 (8.37); N 15.51 

(15.51)1H NMR (300 MHz, C6D6): δH 1.30 (s, 18H, tButyl), 2.51 (s, 6H, M-N-(Me)2), 2.82 (s, 6H, 

C-N-(Me)2). 13C [1H] NMR (75.5 MHz, C6D6): δc 21.33 (N-(Me)2), 21.47 (N-(Me)2), 29.49 (tbutyl), 

49.67 (tbutyl), 80.36 (N=C=N). 119Sn [1H] NMR (75.8 MHz, C6D6): δSn  -56.98 (s) 

7.5.6 Synthesis of Bis-(1,3-N,N’,dicyclohexyl,2,2-N’’-dimethylamide-guanidinate)-1,3-

N,N’-Tin(IV)-tetracyclicsufide, Compound (14-S4) 

3.19 g (5.15 mmol) of compound 14 was dissolved in 50 ml of THF and 0.66 g (20.6 mmol) of 

elemental sulfur powder was added to the solution using solid addition apparatus. The 

suspension was sonicated for 6 hours at 40 oC. The solution transitioned from pale yellow to 

an intense yellow. The solvent was removed in vacuo to form a yellow powder, which was 

then dissolved in 10 ml of toluene, then warmed (to ~35 oC) and filtered through Celite. The 

recrystallization of the product was achieved by layering the solution with 20 mL of hexane, 

resulting in formation of large yellow crystals. Yield:  3.28 g (4.386 mmol), 85 %. m.p. 118 oC. 

Analysis, found (calc. for C30H56N6 S4Sn): C 48.33 (48.31); H 7.67 (7.91); N 11.06 (11.08) 

 1H NMR (300 MHz, C6D6): δH 1.51-2.35 (m, 20 H, cyclohexyl), 2.42 (s, 6H, N-(CH3)2), 3.24 (m, 

1H, N-CH-C5H10), 3.89 (m, 1H, N-CH-C5H10).13C [1H] NMR (75.5 MHz, C6D6): δc 26.16 

(cyclohexyl), 26.24 (cyclohexyl), 26.43 (cyclohexyl), 26.77(cyclohexyl), 26.94 (cyclohexyl), 

27.29 (cyclohexyl), 33.89 (cyclohexyl), 34.06 (cyclohexyl), 35.76 (cyclohexyl), 38.07 

(cyclohexyl), 40.17 (N-(CH3)2), 55.81 (N-cyclohexyl), 57.52 (N-cyclohexyl) 167.55 (N=C=N). 

119Sn [1H] NMR (75.8 MHz, C6D6): δSn  -382.99 
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7.5.7 Synthesis of Bis-(1,3-N,N’,dicyclohexyl,2,2-N’’-dimethylamide-guanidinate)-1,3-

N,N’-Tin(IV)-tetracyclicselenide, Compound (14-Se4) 

2.10 g (3.39 mmol) of compound 14 was dissolved in 50 ml of THF and 1.07 g (13.6 mmol) of 

elemental selenium powder was added to the solution and sonicated for 6 hours at 40 oC. The 

solution transitioned from pale yellow to an intense red. The solvent was removed in vacuo 

to form a yellow powder, which was then dissolved in 10 ml of toluene, warmed (to ~35 oC) 

and filtered through Celite. The recrystallization of the product was achieved by layering the 

solution with 20 mL of hexane, resulting in large red crystals that were then used for analyses. 

Yield:  2.05 g (2.19 mmol), 65 %. Analysis, found (calc. for C30H56N6 Se4Sn): C 40.66 (40.66); H 

7.95 (7.99); N 9.86 (9.88) 

1H NMR (300 MHz, C6D6): δH 2.31-2.60 (m, 40 H, cyclohexyl), 2.70 (s, 12H, N-(CH3)2), 3.24 (m, 

4H, N-CH-C5H10). 13C [1H] NMR (75.5 MHz, C6D6): δc 1.44 (cyclohexyl), 24.88 (cyclohexyl), 25.81 

(cyclohexyl), 26.61(cyclohexyl), 34.94 (cyclohexyl), 35.41 (cyclohexyl), 36.16 (cyclohexyl), 

39.92 (cyclohexyl), 40.23 (cyclohexyl), 44.15 (N-(CH3)2), 55.75 (N-cyclohexyl), 129.35 (N=C=N).  

119Sn [1H] NMR (75.8 MHz, C6D6): δSn  842.69 (d, 1Sn, 2JSnSe 306.19 Hz). 77Se [1H] NMR (57.0 

MHz, C6D6): δSe  130.91 (s), 566.68 (s)  

7.5.8 Synthesis of Bis-(1,3-N,N’,dicyclohexyl,2,2-N’’-dimethylamide-guanidinate)-1,3-

N,N’-Tin(IV)-monoselenide, Compound (14=Se) 

1.65 g (2.67 mmol) of compound 14 was dissolved in 50 ml of THF and added to a 40 ml THF 

solution containing 0.43 g (2.67 mmol) of tbutyl-selenoisocyanate via cannula transfer. The 

solution was stirred for 4 hours and transformed from a pale yellow to an intense yellow 

colour. The solvent, tbutyl-isocyanide (by-product) and unreacted tbutyl-selenoisocyanate 

were removed in vacuo for 6 hours to form a yellow powder, which was then dissolved in 10 

ml of toluene, warmed (to ~35 oC) and filtered through celite. The product was allowed to 

recrystallize at -20 oC for 24 hours and resulted in large yellow crystals. Yield:  1.66 g (2.67 

mmol), 89 %. m.p. 114 oC. Analysis, found (calc. for C30H56N6 SeSn): C 51.55 (51.59); H 8.12 

(8.08); N 12.00 (12.03). 

1H NMR (300 MHz, C6D6): δH 1.07-2.12 (m, 20 H, cyclohexyl), 2.42-2.75 (m, 6H, N-(CH3)2), 2.78  

(m, 2H, N-CH-C5H10). 13C [1H] NMR (75.5 MHz, C6D6): δc 32.24 (cyclohexyl), 32.78 (cyclohexyl),, 

34.76 (cyclohexyl), 36.87 (cyclohexyl), 38.93(cyclohexyl), 54.46 (N-cyclohexyl), 56.70 (N-
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cyclohexyl), 66.40 (N-(CH3)2), 166.07 (N=C=N). 119Sn [1H] NMR (75.8 MHz, C6D6): δSn  -340. 77Se 

[1H] NMR (57.0 MHz, C6D6): δSe 476.01  

7.5.9 Synthesis of Bis-(1,3-N,N’,dicyclohexyl,2,2-N’’-dimethylamide-guanidinate)-1,3-

N,N’-Tin(IV)-monotelluride, Compound (14=Te) 

2.43 g (3.92 mmol) of compound 14 was dissolved in 50 ml of THF and 0.60 g (4.72 mmol) of 

elemental tellurium powder was added to the solution and sonicated for 6 hours at 40 oC. The 

solution transitioned from pale yellow to an intense red. The solvent was removed in vacuo 

to form a red powder, which was then dissolved in 10 ml of toluene, warmed (to ~35 oC) and 

filtered through Celite. The recrystallization of the product was achieved by layering the 

solution with 20 mL of hexane, resulting in large red crystals. Note: The compound 

immediately decomposes to a black powder when exposed to air or heated above 107 oC 

under argon. Yield:  2.51 g (3.37 mmol), 86 %. decomp. 107 oC. Analysis, found (calc. for 

C30H56N6SnTe): C 42.52 (42.52); H 6.76 (6.71); N 8.58 (8.49) 

1H NMR (300 MHz, C6D6): δH 1.01-2.00 (m, 20 H, cyclohexyl), 2.38 (s, 6H, N-(CH3)2), 3.24 (m, 

1H, N-CH-C5H10), 2.47 (m, 2H, N-CH-C5H10). 13C [1H] NMR (75.5 MHz, C6D6): δc 1.404 

(cyclohexyl), 26.15 (cyclohexyl), 26.94 (cyclohexyl), 26.93(cyclohexyl), 39.90 (cyclohexyl), 

56.86 (N-(CH3)2), 125.70 (N-cyclohexyl), 129.33 (N=C=N). 119Sn [1H] NMR (75.8 MHz, C6D6): δSn 

-818 ppm (s) 

7.5.10 Synthesis of Di-bis-(1,3-N,N’,diisopropyl,2,2-N’’-dimethylamide-guanidinate)-1,3-

N,N’-Tin(IV)-selenide, Compound (13-µSe) 

1.23 g (2.67 mmol) of compound 13 was dissolved in 50 ml of THF and added to a 40 ml THF 

solution containing 0.43 g (2.67 mmol) of tbutyl-selenoisocyanate via cannula transfer. The 

solution was stirred for 4 hours and transformed from a pale yellow to an intense yellow 

colour. The solvent, tbutyl-isocyanide (by-product) and unreacted tbutyl-selenoisocyanate 

were removed in vacuo for 6 hours to form a yellow powder, which was then dissolved in 15 

ml of toluene, warmed (to ~35 oC) and filtered through Celite. The product was allowed to 

recrystallize at -30 oC for 24 hours and resulted in large yellow crystals. Yield:  1.03 g (1.25 

mmol), 72 %. m.p. 124 oC. Analysis, found (calc. for C18H40N6SeSn): C 40.20 (40.17); H 7.51 

(7.49); N 15.60 (15.61). 
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1H NMR (300 MHz, C6D6): δH 2.80-3.42 (m, 24 H, CH-(CH3)2), 4.71-4.87 (m, 12H, N-(CH3)2), 5.40-

5.98 (m, 4H, N-CH-(CH3)2). 13C [1H] NMR (75.5 MHz, C6D6): δc 41.94 (N-(CH3)2), 48.83 

(isopropyl), 50.27 (isopropyl) 167.63 (N=C=N). 119Sn [1H] NMR (75.8 MHz, C6D6): δSn 779.05. 

77Se [1H] NMR (57.0 MHz, C6D6): δSe 786.75. 

7.5.11 Synthesis of Bis-(1,3-N,N’,diisopropyl,2,2-N’’-dimethylamide-guanidinate)-1,3-N,N’-

Tin(IV)-monotelluride, Compound (13=Te) 

0.60 g (1.30 mmol) of compound 13 was dissolved in 50 ml of THF and 0.20 g (1.50 mmol) of 

elemental tellurium powder was added to the solution and sonicated for 6 hours at 40 oC. The 

solution transitioned from pale yellow to an intense red. The solvent was removed in vacuo 

to form a red powder, which was then dissolved in 10 ml of toluene, warmed (to ~35 oC) and 

filtered through Celite. The recrystallization of the product was achieved by layering the 

solution with 20 mL of hexane, resulting in large red crystals that were then used for analyses. 

Note: The compound immediately decomposes to a black powder when exposed to air or 

heated above 71oC under argon. Yield:  0.55 g (0.93 mmol), 72 %. decomp. 71 oC. Analysis, 

found (calc. for C18H40N6TeSn): C 36.82 (36.84); H 6.87 (6.87); N 14.39 (14.32). 

1H NMR (300 MHz, C6D6): δH 1.55 (d, 24H, isopropyl, 3JHH 6.247 Hz), 2.38 (s, 12H, N(Me)2), 3.89 

(sep, 24H, isopropyl, 3JHH 6.250 Hz). 13C [1H] NMR (75.5 MHz, C6D6): δc 24.57 (N-(CH3)2), 39.95 

(isopropyl), 48.45 (isopropyl) 167.84 (N=C=N). 119Sn [1H] NMR (75.8 MHz, C6D6): δSn -919.7 
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