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Abstract

This thesis investigates the formation of films of tin sulfides on glass by the chemical 

vapour deposition process. Two methods were used. These were atmospheric pressure 

chemical vapour deposition with either thermal delivery or aerosol delivery. The primary 

system investigated was the reaction of tin tetrahalides with hydrogen sulfide. This was 

found to form all three binary phases of tin sulfide, in high purity. The factor which had 

highest influence on the phase deposited was the deposition temperature. In general, it was 

found that below 450 °C tin(IV) sulfide was formed, above 550 °C tin(II) sulfide was 

formed and at intermediate temperatures mixed valent tin(H) tin(IV) trisulfide was formed.

Single source precursors to tin sulfides were also investigated. These included tin 

thiolates and tin dithiocarbamates. The tin thiolates studied were tin(IV) thiolate, tin(IV) 

7]^-ethane 1,2-dithiolate and tin(IV) 2,2,2-trifluoroethane thiolate. The tin(II) thiolate 

[Sn(SCPh3)2] was also studied, but no film could be formed. The only homoleptic 

dithiocarbamate studied was [Sn(S2CNEt2)4], although a large number of alkyl tin 

dithiocarbamates were investigated. These were [R3Sn(S2CN R’2)] R=Me, ”Bu; R ’=Me, Et 

and asymmetric dithiocarbamate precursors [Me3SnS2CNMeBu] and [BuSn(S2CNMeBu)3]. 

In almost all cases addition of hydrogen sulfide was necessary to make tin sulfide films. 

This was because, as mass spectrometry showed to be the case for [Sn(SPh)4], two thiolate 

groups may be lost as an RSSR moiety. A small number of reactions were successful in 

forming tin sulfide without H 2S. Tin(IV) 77^-ethane 1,2-dithiolate was the most successful 

single source precursor, and this was attributed to the inability to lose an RSSR entity.

Some precursors were investigated with a view to forming tin oxide sulfide and tin 

sulfide selenide. To make tin oxide sulfide, tin tetrachloride, hydrogen sulfide and water 

were reacted together. Subsequently, single source preeursors [Cl2Sn(SCH 2C(0 )0 Me)2] 

and [^Bu2&n(-OCH2CH 2^)] were investigated. To form tin sulfide selenides [Sn(SPh)4] and 

[Sn(SePh)4] were reacted together. Ligand exchange formed [Sn(SPh)n(SePh)4_n] (n=0-4) 

with all compounds in the statistical ratio. This was then investigated by CVD.

Visual inspection, Raman microscopy and ED AX were used to investigate all films 

produced. The morphology of each film was observed by SEM, and particles were of the 

order 0 . 5 - 5  pm  in dimension. A number were also examined by X-ray diffraction and X- 

ray Photoelectron Spectroscopy. Band gaps were measured for some of the films.

1



Acknowledgements

I w ould like to thank Professor Ivan Parkin for his supervision of my Ph.D. I would also 

like to thank Dr. Kieran Molloy and Dr. Tom Hibbert of the University of Bath, who 

collaborated with us on this work. Dr. Tom Hibbert synthesised and analysed many of the 

precursors used in the thesis. Mr. Dave Knapp, Mr. Joe Nolan and Mr. Dave Morphett 

designed and built the CVD rig used in this work. They also maintained it during the 

whole of m y Ph.D. Dr. Marianne Odlyha carried out the DSC and TGA measurements on 

many of the compounds. Mr. Kevin Reeves helped with ED AX and SEM.

People within the same research group also helped with much of the work. Mr. Shane 

O'Neill and Mr. M ark Field carried out much of the XPS. Dr. Steve Firth, Miss Amanda 

Hardy and M iss Katherine Brown helped with the Raman. Other people who helped in 

various ways were Dr. Graham Shaw, Dr. Gareth Elwin, Mr. Chris Dinnage, Dr. Daniel 

M orrison, Mr. W arren Cross, Miss Catherine Lipton, Dr. Dickon Champion, Miss Louise 

Affleck, and Mr. M arco Aguas.

Finally, I would like to thank my parents who made it possible for me to do a Ph.D., and 

my best friend Susanne Campbell for all her support during the past year.



Contents

Acknowledgements 1

Abstract 2

Contents pages 3

List o f Figures and Tables 10

Chapter 1 Introduction 17

1.1 General description and structure of tin sulfides 19

1.1.1 The phases of tin sulfide 19

1.1.2 Structure of tin sulfides 20

1.1.3 Visual appearance of tin sulfides 23

1.2 Synthesis and applications of tin sulfides 24

1.2.1 General historical methods 24

1.2.2 Bulk syntheses of tin sulfides 25

1.2.3 Film deposition of tin sulfides 27

1.2.4 Applications of tin sulfides 30

1.2.5 Related compounds 31

1.3 Electronic considerations 32

1.3.1 General description of semiconductors 32

1.3.1.1 Band theory 32

1.3.1.2 Intrinsic and extrinsic semiconductors 34

1.3.1.3 Compound semiconductors 37

1.3.1.4 Direct and indirect semiconductors 38

1.3.2 Photovoltaic materials 43

1.3.3 Important considerations for heat mirrors and solar control 

coatings 46

1.3.4 Electronic and optical description o f tin sulfides 47

1.4 Methods o f thin film deposition 50

1.4.1 Chemical vapour deposition 50

1.4.1.1 Methods of precursor release 50

1.4.1.2 Methods of fihn deposition 51

1.4.1.3 Types o f precursor 52

1.4.1.4 Mechanism of chemical vapour deposition reactions

53

3



1.4.2 Physical methods

1.4.2.1 Evaporation processes

1.4.2.2 Molecular beam epitaxy

1.4.2.3 Sputter deposition

1.4.2.4 Cathodic arc plasma deposition

1.4.3 Other chemical methods o f film deposition

1.4.3.1 Sol-gel methods

Chapter 2 Experimental Techniques

2.1 Description of the CVD apparatus

2.1.1 Design of the rig

2.1.2 Operation of the rig

2.1.3 Modification of the rig to allow aerosol delivery

2.2 X-ray diffraction

2.3 Raman microscopy

2.4 Energy dispersive analysis by X-rays

2.5 Scanning electron microscopy

2.6 X-ray photoelectron spectroscopy

2.7 Transmittance/reflectance spectroscopy

2.8 Scotch tape test

2.9 Band gaps

Chapter 3 Tin sulfide films from the reaction of tin tetrahalides 

sulfide

3.1 Precursors used

3.2 Reactions carried out

3.3 Effect o f substrate temperature on film produced

3.3.1 Visual appearance o f films

3.3.2 X-ray diffraction

3.3.3 Raman microscopy

3.3.4 Energy dispersive analysis by X-rays

3.3.5 Scanning electron microscopy

3.3.6 X-ray photoelectron spectroscopy

3.3.7 Transmittance/reflectance spectroscopy

3.3.8 Band gaps

3.3.9 Discussion

3.4 Effect o f hydrogen sulfide flow rate

4

54

54

56

57

58

59

59

60 

61 

61 

63

65

66 

68

69

70

70

71

72

72

with hydrogen

73

74

75

76

76

77 

79 

81

83

84 

86

91



3.4.1 Visual appearance o f films 91

3.4.2 Raman microscopy 92

3.4.3 Discussion 92

3.5 Effect o f precursor on films produced 92

3.5.1 Visual appearance o f films 93

3.5.2 X-ray diffraction 93

3.5.3 Raman microscopy 95

3.5.4 Energy dispersive analysis by X-rays 95

3.5.5 Transmittance/reflectance spectroscopy 96

3.5.6 Discussion 97

3.6 Effect o f substrate on films deposited 99

3.6.1 Scanning electron microscopy 99

3.6.2 Discussion 99

3.7 Discussion and conclusions 100

Chapter 4 Tin sulfide films from the reaction of tributyl tin trifiuoroacetate 

with hydrogen sulfide 103

4.1 The precursor 104

4.1.1 Previous work with this precursor 104

4.1.2 Preparation o f the precursor 104

4.1.3 Analysis and physical properties of the precursor 105

4.2 Reactions carried out 108

4.3 Results 109

4.3.1 Visual appearance o f films 109

4.3.2 X-ray diffraction 109

4.3.3 Raman microscopy 1 1 1

4.3.4 X-ray photoelectron spectroscopy 111

4.3.5 Energy dispersive analysis by X-rays 113

4.3.6 Scanning electron microscopy 114

4.3.7 Transmittance/reflectance spectroscopy 115

4.3.8 Band gaps 117

4.4 Discussion 117

4.4.1 Summary o f results 117

4.4.2 Discussion 118

4.4.3 Comparison with results from reactions o f tin tetrahalides

120

5



Chapter 5 Tin sulfide films deposited from single source precursors

121

5.1 Preparation of the precursors 122

5.1.1 Preparation of homoleptic tin(I V) thiolates 123

5.1.2 Preparation of homoleptic tin(II) thiolates 124

5.1.3 Preparation of homoleptic tin(IV) dithiocarbamates 124

5.1.4 Preparation of alkyl tin(IV) dithiocarbamates 124

5.2 Reactions and results of homoleptic tin(IV) thiolates 125

5.2.1 Reactions of tin(IV) phenyl thiolate 126

5.2.1.1 Raman microscopy 128

5.2.1.2 Energy dispersive analysis by X-rays 129

5.2.1.3 Scanning electron microscopy 130

5.2.2 Reaction o f tin(IV) 2,2,2-trifluoroethane thiolate 130

5.2.2.1 Visual appearance of films 131

5.2.2.2 X-ray diffraction 131

5.2.2.3 Raman microscopy 132

5.2.2.4 Energy dispersive analysis by X-rays 134

5.2.2.5 Scanning electron microscopy 135

5.2.3 Reactions of tin(IV) 77^-ethane 1,2 dithiolate 136

5.2.3.1 Visual appearance of films 137

5.2.3.2 Raman microscopy 137

5.2.3.3 Energy dispersive analysis by X-rays 139

5.2.3.4 Scanning electron microscopy 139

5.2.4 Conclusions 140

5.3 Reactions and results of homoleptic tin(II) thiolates 142

5.3.1 Reactions carried out 143

5.4 Reactions and results of homoleptic tin(IV) dithiocarbamates

143

5.4.1 Reactions carried out 144

5.4.2 Visual appearance of films 144

5.4.3 Raman microscopy 144

5.4.4 Energy dispersive analysis by X-rays 145

5.4.5 Scanning electron microscopy 145

5.4.6 Conclusions 146

5.5 Reactions and results o f alkyl tin(IV) dithiocarbamates 146

6



5.5.1 Reactions of the asymmetric dithiocarbamate

[MegSnSiCNMeBn] with hydrogen sulfide via bubbler delivery 

method 147

5.5.1.1 Reactions carried out 147

5.5.1.2 Visual appearance o f films 147

5.5.1.3 Raman microscopy 147

5.5.1.4 Energy dispersive analysis by X-rays 147

5.5.1.5 Scanning electron microscopy 148

5.5.1.6 Conclusions 148

5.5.2 Reactions of [Me3SnS2CNMc2] via aerosol delivery method

149

5.5.2.1 Reactions carried out 149

5.5.2.2 Visual appearance o f films 149

5.5.2.3 Raman microscopy 149

5.5.2.4 Energy dispersive analysis by X-rays 150

5.5.2.5 Scanning electron microscopy 150

5.5.2 . 6  Conclusions 151

5.5.3 Reactions of [Mc2SnS2CNEt2] vz<3 aerosol delivery 152

5.5.3.1 Reactions carried out 152

5.5.3.2 Visual appearance o f films 152

5.5.3.3 Raman microscopy 152

5.5.3.4 Energy dispersive analysis by X-rays 153

5.5.3.5 Scanning electron microscopy 153

5.5.3 . 6  Conclusions 154

5.5.4 Summary of results of reactions using alkyl tin dithiocarbamates 

as CVD precursors 154

5.6 Summary and conclusions 156

5.6.1 Summary 156

5.6.2 Conclusions 157

Chapter 6 Mixed sulfide selenide films 158

6 .1 Preparation and investigation of the precursor 159

6.2 CVD investigation of [(SPh)4Sn(SePh)4.n] 160

6.2.1 Reactions carried out 160

6.2.2 Visual appearance o f films 160

6.2.3 Raman microscopy 161

7



6.2.4 Energy dispersive analysis by X-rays 163

6.2.5 Scanning electron microscopy 164

6.3 Discussion and conclusions 165

Chapter 7 Mixed oxide sulfide films 168

7.1 Precursors used 169

7.1.1 Preparation and analysis of [Cl2Sn(SCH2C(0 )OMe)2]

170

7.1.2 Preparation and analysis of [^Bu2Sn(-OCH2CH2S-)] 170

7.2 Reactions carried out 170

7.2.1 Reactions o f tin tetrachloride, hydrogen sulfide and water

170

7.2.2 Reactions o f [Cl2Sn(SCH2C(0 )0 Me)2] with hydrogen sulfide

172

7.2.3 Reactions o f [^Bu2Sn(-OCH2CH2S-)] with hydrogen sulfide

172

7.3 Results of reactions of tin tetrachloride, hydrogen sulfide and water

173

7.3.1 Visual appearance of films 173

7.3.2 Raman microscopy 173

7.3.3 Energy dispersive analysis by X-rays 175

7.3.4 Scanning electron microscopy 176

7.4 Results of reactions of [Cl2Sn(SCH2C(0 )0 Me)2] with hydrogen sulfide

177

7.4.1 Visual appearance of films 177

7.4.2 Raman microscopy 178

7.4.3 Energy dispersive analysis by X-rays 178

7.4.4 Scanning electron microscopy 179

7.5 Results o f reactions of [^Bu2Sn(-OCH2CH2S-)] with hydrogen sulfide

180

7.5.1 Visual appearance o f films 180

7.5.2 Raman microscopy 181

7.5.3 Energy dispersive analysis by X-rays 183

7.5.4 Scanning electron microscopy 183

7.6 Discussion and conclusions 184



Chapter 8 Summary and conclusions 186

8.1 Phases produced 187

8.1.1 Summary of all results 187

8.1.2 Discussion 189

8.1.3 Comparison with previous work 191

8.2 Forms of film produced 192

8.2.1 Description of films 193

8.2.2 Discussion of morphologies 194

8.3 Conclusions 195

Appendix A Bibliography 197



List of Figures and Tables

Chapter 1

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

.1

.2

.3

.4

.5

.6

.7

.8

.9

.10

.11

.12

.13

.14

.15

.16

.17

Phase diagram of tin and sulfur. 20

Schematic representation of the layered structure of tin(II) sulfide.

21

Schematic representation of tin(IV) sulfide layer. 22

Schematic view of the ribbon structure of tin(II) tin(IV) trisulfide.

23

Density of states diagram for metals, semimetals, semiconductors and 

insulators. 33

Band structure of extrinsic semiconductors (dotted lines denote Fermi 

levels). 36

Carrier density of an extrinsic semiconductor as a function of 

temperature. 37

Qualitative view of energy levels associated with atomic orbitals.

40

W ave vector vs. energy plot for direct and indirect band gap 

semiconductors. 41

Phonon assisted transitions in an indirect band gap semiconductor.

42

Absorption spectrum of Germanium. 43

An n-p junction after materials are brought into contact. 44

Thermal current and recombination current in an n-p junction.

44

Transmittance reflectance spectrum for an ideal heat mirror.

47

Transmittance reflectance spectrum for an ideal solar control coating.

47

Transmittance reflectance spectrum recorded for tin(II) sulfide films of 

different thicknesses. 48

Transmittance reflectance spectrum recorded for tin(II) tin(IV) trisulfide.

49

Chapter 2

Figure 2.1 Schematic view of the CVD reactor.

10

61



Figure 2.2

Figure 2,3

Figure 2.4 

Figure 2.5 

Figure 2.6 

Figure 2.7 

Table 2.1 

Table 2.2 

Chapter 3 

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Schematic view of CVD rig. 62

Modification of rig for aerosol delivery of air-sensitive precursors.

65

X-ray diffraction pattern of tin sulfides. 67

X-ray diffraction pattern of tin oxides. 67

Raman spectra of tin sulfides. 6 8

Raman spectra of tin oxides. 69

Raman microscopes used in this thesis. 6 8

Common carbon, oxygen, sulfur and tin lines observed in XPS. 71

Plot showing how the vapour pressures of tin tetrachloride and tin 

tetrabromide vary with temperature. 75

X-ray diffraction pattern of the film deposited from tin tetrachloride at

300 °C, with a hydrogen sulfide flow rate of 0.3 dm m in '\ 77

X-ray diffraction pattern of the film deposited from tin tetrachloride at

525 °C, with a hydrogen sulfide flow rate of 0.3 dm min' 78

X-ray diffraction pattern of the film deposited from tin tetrachloride at

545 °C, with a hydrogen sulfide flow rate of 0.3 dm min' 79

Raman spectrum of the film deposited from tin tetrachloride at 300 °C, 

with a hydrogen sulfide flow rate of 0.3 dm ^m in'\ 80

Raman spectrum of the film deposited from tin tetrachloride at 525 °C,

with a hydrogen sulfide flow rate of 0.3 dm m in '\ 80

Raman spectrum of the film deposited from tin tetrachloride at 545 °C, 

with a hydrogen sulfide flow rate of 0.3 dm^min'^. 81

Graph showing how sulfur to tin ratio varies with substrate temperature 

for films deposited from tin tetrachloride with hydrogen sulfide at a 0.3 

dm^min'^ hydrogen sulfide flow. 82

SEM images of the film deposited from (a) SnCU at 300 °C, (b) SnBr4 at 

400 °C, (c) SnCU at 525 °C, (d) SnCU at 545 °C, (e) SnBr4 at 525 °C and 

(f and g) SnBr4 at 550 °C. 83

XPS of film deposited at 545 °C from tin tetrachloride with hydrogen 

sulfide. 85

Transmittance/Reflectance spectrum of the film deposited from tin 

tetrachloride with hydrogen sulfide at 300 °C. 8 6

11



Figure 3.12 Transmittance/Reflectance spectrum of the film deposited from tin

tetrachloride with hydrogen sulfide at 525 °C. 87

Figure 3.13 Transmittance/Reflectance spectrum of the film deposited from tin

tetrachloride with hydrogen sulfide at 545 °C. 87

Figure 3.14 Gibbs free energy of formation of tin sulfides per mole of tin as a

function of temperature. 8 8

Figure 3.15 Gibbs free energy of reaction for reactions involving tin tetrachloride and

hydrogen sulfide as detailed in Equations 3.1 to 3.5. 89

Figure 3.16 X-ray diffraction patterns of films deposited from tin tetrabromide with

hydrogen sulfide at (a) 450 °C, (b) 500 °C and (c) 600 °C. 94

Figure 3.17 Raman spectra of films deposited from tin tetrabromide with hydrogen

sulfide at (a) 300 °C, (b) 525 °C and (c) 545 °C. 95

Figure 3.18 Transmittance/Reflectance spectra of films deposited from (a) tin

tetrachloride and (b) tin tetrabromide at 400 °C. 96

Figure 3.19 Gibbs free energy of reaction for reactions of tin tetrahalides with

hydrogen sulfide to form tin disulfide. 98

Figure 3.20 Schematic representation of sulfur loss from tin(IV) sulfide. 101

Table 3.1 Summary of reaction conditions for depositions from tin tetrahalides

with hydrogen sulfide. 76

Table 3.2 Comparison of lattice parameters of films deposited at 300, 525 and

545 °C from tin tetrachloride with hydrogen sulfide with literature 

values. 79

Table 3.3 XPS binding energies of tin and sulfur observed in films deposited from

tin tetrachloride with hydrogen sulfide. 85

Table 3.4 Atomic percentages of elements in films deposited from the reaction of

tin tetrachloride with hydrogen sulfide after etching. 8 6

Table 3.5 Results of heating previously deposited tin sulfide films under a flow of

nitrogen. 90

Table 3.6 Colour of films deposited from tin tetrabromide with hydrogen sulfide

with varying hydrogen sulfide flow rates. 91

Table 3.7 Comparison of the calculated lattice parameters of the films deposited

from tin tetrachloride and the films deposited from tin tetrabromide with 

existing literature values. 94

12



Chapter 4

Figure 4.1 

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5 

Figure 4.6

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Chapter 5

Figure 5.1

Figure 5.2

Figure 5.3

DSC of tributyl tin trifiuoroacetate. 105

Infra-red absorption spectra of the precursor and products to which it 

decomposed in the bubbler. 107

X-ray diffraction pattern of the film deposited from [”Bu3SnOC(0 )CF3] 

with H 2S at 450 °C on carbon-doped silica coated glass with a bubbler 

temperature of 150 °C. 110

Raman spectra of the two films deposited at 400 °C (a) with a bubbler 

temperature of 150 °C on carbon-doped silica coated glass and (b) with a 

bubbler temperature of 130 °C on tin oxide / silica coated glass.

I l l

SEM images of films deposited from the reaction of tributyl tin 

trifiuoroacetate with hydrogen sulfide. 114

Transmittance / reflectance spectra of films deposited from tributyl tin 

trifiuoroacetate at (a) 450 °C with a bubbler temperature of ca. 150 °C, 

(b) 400 °C with a bubbler temperature of ca. 150 °C and (c) 400 °C with 

a bubbler tmeperature of ca. 130 °C. 116

Summary of reaction conditions for films deposited from tin 

trifiuoroacetate with hydrogen sulfide. 109

Comparison of cell parameters determined in this work with those 

reported previously. 1 1 0

Binding energies and composition of the film deposited from tributyl tin 

trifiuoroacetate at 450 °C, with a bubbler temperature of 150 °C on 

carbon-doped silica coated glass. 1 1 2

Composition of films deposited from [Bu3Sn0 C(0 )CF3] with a bubbler 

temperature of 150 °C on carbon-doped silica coated glass. 113

X-ray diffraction pattern of the film deposited from tin(IV) phenyl 

thiolate at 400 °C. 126

Raman spectrum of the film deposited from tin(IV) phenyl thiolate at 

400 °C. 127

Raman spectra of films deposited from tin(IV) phenyl thiolate with 0.4 

dm^min'^ hydrogen sulfide at (a) 450 and (b) 500 °C. 128

13



Figure 5.4 Raman spectra of films deposited from tin(IV) phenyl thiolate with 0.2

dm^min ' at (a) 400 and (b) 450 °C. 129

Figure 5.5 SEM image of a film deposited from tin(IV) phenyl thiolate with

hydrogen sulfide at 500 °C. 130

Figure 5.6 X-ray diffraction pattern of films deposited from tin(IV) 2,2,2-

trifluoroethane thiolate at (a) 400, (b) 450 and (c) 600 °C over 3 minutes.

131

Figure 5.7 Raman spectrum of the film deposited from tin(IV) 2,2,2-trifluoroethane

thiolate with hydrogen sulfide at 400 °C. 132

Figure 5.8 Raman spectrum of the film deposited from tin(lV) 2,2,2-trifluoroethane

thiolate with hydrogen sulfide at 500 °C. 133

Figure 5.9 Raman spectrum of the film deposited from tin(IV) 2,2,2-trifluoroethane

thiolate with hydrogen sulfide at 600 °C. 133

Figure 5.10 Graph showing how sulfur to tin ratio varies with substrate temperature

for films deposited from tin(IV) 2,2,2-trifluoroethane thiolate with 

hydrogen sulfide. 134

Figure 5.11 SEM images of films deposited from tin(IV) 2,2,2-trifluoroethane

thiolate. 136

Figure 5.12 Raman spectra of the films deposited from tin(IV) r f-e th â m  1,2-

dithiolate with a 0.2 dm^min'^ flow of hydrogen sulfide at (a) 350, (b) 

400 and (c) 500 °C. 138

Figure 5.13 Raman spectra of films deposited from tin(IV) 7]^-ethane 1,2-dithiolate

with no hydrogen sulfide at (a) 400, (b) 450 and (c) 500 °C. 138

Figure 5.14 SEM images of the films deposited from tin(IV) r;^-ethane 1,2-dithiolate.

140

Figure 5.15 Raman spectrum of the film deposited from [Sn(S2CNEt2)4] at 520 °C.

144

Figure 5.16 SEM images of films deposited from [Sn(S2CNEt2)4] at (a) 450 and (b)

520 °C. 145

Figure 5.17 SEM images of films deposited from the reaction of [Me3SnS2CNMeBu]

with 0.2 dm’m in ' at (a) 450 °C, (b) 500 °C and (c) 550 °C. 148

Figure 5.18 Raman spectra of films deposited from [Me3SnS2CNM e2] at (a) 500 and

(b) 550 °C with no hydrogen sulfide on tin oxide / silica coated glass 

using the aerosol delivery method. 150

14



Figure 5.19

Figure 5.20

Figure 5.21 

Table 5.1 

Table 5.2

Chapter 6

Figure 6.1

Figure 6.2 

Figure 6.3 

Table 6.1

Chapter 7

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

SEM images of films deposited from the reaction of [Me3SnS2CNMe2] at

(a) 500 °C and (b), (c) at 550 °C. 151 

Raman spectra of films deposited from [Me3SnS2CNEt2] at (a) 450 and

(b) 600 °C with 0.4 dm^min'^ hydrogen sulfide on tin oxide / silica 

coated glass using the aerosol delivery method. 153

SEM image of the film deposited from the reaction of [Mc3SnS2CNEt2] 

with hydrogen sulfide at 450 °C. 154

Reaction conditions for the CVD reaction of tin(IV) phenyl thiolate.

127

Reaction conditions for the reaction of tin(IV) 2,2,2-trifluoroethane 

thiolate. 131

Raman spectra of films deposited from [Sn(SPh)n(SePh)4 .n] with 

hydrogen sulfide at (a) 300 °C, (b) 400 °C and (c) 500 °C. 161

Raman spectra of the films deposited from [Sn(SPh)n(SePh)4_n] without 

hydrogen sulfide at (a) 400 °C, (b) 450 °C and (c) 500 °C. 162

SEM images of films deposited from [Sn(SPh)n(SePh)4 .n] with H 2S at (a) 

300, (b) 450, (c) 500 and (d) 550 °C. 165

Sulfur and selenium ratios in films deposited from [Sn(SPh)n(SePh)4 .n].

164

Raman spectrum of the film deposited from tin tetrachloride, water and 

0.2 dm^min’  ̂ hydrogen sulfide at 400 °C. 174

Raman spectrum of the film deposited from tin tetrachloride, water and 

0.2 dm 3m in-l hydrogen sulfide at 500 °C, (a) closest to gas inlet -> (d) 

furthest from gas inlet. 174

Raman spectrum of the film deposited from tin tetrachloride, water and 

(a) 0.1 dm^min'^ or (b) 0.2 dm^min'^ hydrogen sulfide at 600 °C.

175

SEM images of films deposited from tin tetrachloride, water and 

hydrogen sulfide. 176

SEM images of films deposited from [Cl2Sn(SCH 2C(0 )0 M e)2].

179

15



Figure 7.6 

Figure 7.7 

Figure 7.8

Table 7.1

Table 7.2

Chapter 8
Table 8.1

Table 8.2

Table 8.3

Table 8.4

Table 8.5

Table 8 . 6

Raman spectrum of the film deposited from [^Bu2Sn(-OCH 2CH 2S-)] with 

hydrogen sulfide at 600 °C. 181

Raman spectrum of the film deposited from [^Bu2Sn(-OCH 2CH 2S-)] with 

hydrogen sulfide at 350 °C. 182

SEM images of films deposited from [^Bu2Sn(-OCH 2CH 2S-)] with 

hydrogen sulfide at (a) 400, (b) 500 and (c) 600 °C and without hydrogen 

sulfide at (d) 400 and (e) 500 °C. 184

Conditions for reactions of tin tetrachloride, hydrogen sulfide and water.

171

Results of ED AX on films deposited from tin tetrachloride, hydrogen 

sulfide and water. 176

Summary of results of all reactions carried out in an attempt to produce

tin sulfide films. 188

Summary of all reactions carried out in an attempt to produce tin sulfide 

selenide films. 189

Summary of all reactions carried out in an attempt to produce tin oxide

sulfide films. 189

Summary of morphologies observed in films deposited on carbon-doped 

silica coated glass. 193

Summary of morphologies observed in films deposited on tin oxide/silica 

coated glass. 193

Summary of morphologies observed in films deposited on silica coated

glass. 194

16



Chapter 1 
Introduction

17



In modem society, the use of new materials is continually expanding. In some cases, 

materials are developed for specific purposes, for example, development of 

polytetrafluoroethene for use as a container for highly reactive materials such as UF^ 

and HF.^ In other cases, materials are developed and uses defined based on the 

properties of the material.

One area of expanding interest in recent times is that of semiconducting materials for 

microelectronic applications. Some materials, which have been known for many years, 

are finding new applications as semiconductors; tin sulfide is an example of this.^

At the start of the last century, it was observed that particle size plays an important role 

in the properties of a semiconductor. W ith this in mind, many people are interested in 

nanoparticulate materials or the deposition of thin films. These both have considerably 

different electronic properties from bulk materials due to electron confinement, in three 

dimensions in the case of nanoparticulate materials and in one direction in the case of 

thin films.^ These are termed “mean-free-path” or “size” effects.

Many different routes are used in depositing thin films. They have varying success and 

differing advantages and disadvantages. Chemical vapour deposition (CVD) is used in 

industry for the deposition of thin films. Low pressure CVD is used to deposit 

semiconductors, as control is much greater.^ On the other hand, commercial coating of 

glass employs atmospheric pressure CVD, as coverage is sufficiently even for uniform 

optical properties and deposition is very fast.^

This work concerns the deposition of the semiconducting material, tin sulfide, onto 

glass substrates via atmospheric pressure chemical vapour deposition. In this chapter, 

the background to the work will be discussed. Properties, uses and preparative routes to 

all forms of tin sulfide will be reported. Semiconductors in general will be discussed 

along with specific consideration to tin sulfide and related materials. Recent routes to 

film deposition will be compared, highlighting the advantages of chemical vapour 

deposition over other routes.
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1.1 General description and structure of tin sulfides

1.1.1 The phases of tin sulfide

Many forms of tin sulfide have been observed. Those reported include tin(II) sulfide, 

tin(rV) sulfide, mixed valent compounds such as Sn2S3 ,  ̂intercalation compounds based 

on the binary phases^ and framework compounds modelled around various organic 

molecules.^ The phase diagram of tin and sulfur has been produced many times." '̂ '̂^^ 

There is conflicting evidence over which phases of tin sulfide may be formed. 

Karakhanova et a l^  formed all tin-sulfur phases with 40-62 at. % sulfur by direct 

heating of the elements in sealed ampoules. They determined the existence of SnS, 

Sn2S3 , Sn3S4 and SnS2 . Melting points, a polymorphous change for SnS and the 

existence of a eutectic between SnS and Sn3S4 were reported.

Another study of tin sulfides was carried out three years later.^ This was a further 

attempt to determine which phases were stable in which regions of the phase diagram. 

Gerasimov^^ had reported the existence of Sn4 Ss as an intermediate in the thermal 

decomposition of SnS to SnS2 . Attempts to produce this phase by heating tin and sulfur 

of a 4:5 ratio in sealed ampoules produced only Sn, Sni.xS and Sn2S3 .  ̂ In that study, it 

was shown that SnS is only stoichiometric when in the presence of excess tin. 

Otherwise, the sub-stoichiometric phase, Sni-xS, is formed. The other metastable 

compound, Sn3S4 , which had been reported previously by some groups,"^'^^ caused 

problems in this work. The elements were heated together in stoichiometric quantities 

for many hours in sealed silica ampoules, and analysed by X-ray diffraction at elevated 

temperatures or after quenching. It was found that at temperatures up to 800 °C, no 

phases other than Sni.xS, Sn2S3 , liquid sulfur and liquid tin-sulfur phases were formed 

from a 3:4 elemental ratio of tin and sulfur.^

The most recently published phase diagram, which is a review of all the relevant data in 

the past, concluded that there are only three discrete phases containing exclusively tin 

and sulfur.^^ Sn3S4 and Sn^Ss were described as metastable phases and not included in 

the phase diagram. This is reproduced in Figure 1.1. All three phases exhibit more than 

one allotrope, however the a-phase is stable to above 600 °C in all cases. |3-SnS
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dissolves excess sulfur in small amounts up to 50.5 at. % sulfur. g-SnS], on the other 

hand, may be slightly tin-rich. SnzS] forms three high temperature phases, which are all 

capable of including excess tin and excess sulfur. The congruent melting points of SnS 

and SnS] are given as 880 and 865 °C respectively. The peritectic melting point of 

SnzSs is 760 °C.
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Figure 1.1 Phase diagram of tin and sulfur.

Extensive studies using Mossbauer^^ found only two tin resonance absorptions. The 

**̂ Sn Mossbauer of mixed valent compounds such as SnzSg and Sn]S4 showed only two 

lines indicating Sn(II) and Sn(IV) environments corresponding exactly to those 

observed in SnS and SnS]. As will be shown in section 1.1.2, mixed valent Sn]S] has 

two tin environments, which are almost identical to tin environments in tin (H) sulfide 

and tin(lV) sulfide.

1.1.2 Structure of tin sulfides

Tin(ll) and tin(lV) sulfides exhibit layer structures, whereas mixed valent tin(ll) tin(IV) 

trisulfide forms a ribbon structure.^
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Tin(II) sulfide is orthorhombic, with tin-sulfur double layers/'^ It takes a defomied 

rock-salt structure and is isostructural with germanium sulfide, although near the 

melting point it adopts the tellurium iodide structure/^ Of the group IV-VI compounds, 

only GeS, GeSe, SnS and SnSe adopt an orthorhombic structure/'^ SnTe and all lead 

compounds crystallise in the more symmetric rock salt structure/'^ In tin(II) sulfide six 

sulfur atoms surround each tin atom in a highly distorted octahedron/'^ Three short tin- 

sulfur bonds {ca. 2.6 Â) are formed within the layer, and longer bonds are formed to the 

sulfur atoms of the next layer approximately 3.3 Â distant. The sulfur-tin-sulfur angles 

within the layer deviate from the perfect octahedral values. This deformation causes the 

tin(II) lone pair to be stereochemically active. '̂^

The space group of tin monosulfide is Pnma and the unit cell parameters were 

determined as <3 = 11.180(6), b = 3.982(2), c = 4.329(3) The unit cell contains two 

tin sulfur double layers as described above. SnS is shown schematically in Figure 1.2.

Figure 1.2 Schematic representation of the layered structure of tin(ll) sulfide.'^ (Tin is shown 

in red and sulfur in yellow).

21



Tin(TV) sulfide also has a layered structure. It is hexagonal and isostructural with 

Cdl2 .̂  ̂ Sulfur-tin-sulfur sandwich layers form the basis of the structure. Within the 

layer, six sulfur atoms surround each tin atom in an approximately octahedral 

arrangement, with three atoms above and three below the plane of the tin atoms. The 

tin-sulfur distances are approximately 2.5 Â. Between layers weak tin-sulfur and 

sulfur-sulfur van der Waals interactions occur. A schematic representation of tin(IV) 

sulfide is given in Figure 1.3.

L

Figure 1.3 

in yellow).

Schematic representation of tin(IV) sulfide layer.** (Tin is shown in red and sulfur

The layer structure of tin disulfide gives it the ability to form many polytypes. Over 70

have been observed'^ although the most common are 2H (P3ml) ,  4H (P3ml) and 18R

(R3m).^^ Polytypism results from variation in the order of stacking the same structural 

unit. In the case of tin sulfide, hexagonal layers described in the last paragraph form the 

basic building blocks, which can then be stacked in many different ways. Within the 

layer, a = 3.6470(8) Â while the minimum c-distance is cih = 5.8990(5) AJ^  Other 

polytypes have their c-parameter as a multiple of this minimum. In almost all cases, the 

repeat unit consists of two sandwich layers. This effect alters the unit cell of the 

material, and so changes the X-ray diffraction pattern. Most other properties of the 

material are unaffected by this though.

Tin(II) tin(rV) trisulfide has a similar local order to both tin sulfides previously 

discussed. Overall, it exhibits a ribbon- type s t r u c t u r e . O n e  tin atom is found in
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the centre of the ribbon and is six coordinate, whereas the other, on the edge of the 

ribbon, is three coordinate. All sulfur atoms are three coordinate. Tin(rV)-sulfur 

distances are ca. 2.5 Â and tin(II)-sulfur bond lengths are ca. 2.7 A.^

Tin sesquisulfide (SniSs) is orthorhombic and exhibits the Pnma space group.^^ Unit 

cell parameters are found to be a = 8.878(2), b = 3.751(1), c = 14.020(3) Â. Figure 1.4 

shows mixed valent tin sulfide in a schematic representation.

U
Figure 1.4 Schematic view of the ribbon structure of tin(Il) tin(IV) trisulfide.'^ (Tin is shown 

in red and sulfur in yellow).

Very little data is available for the other phases of tin sulfide. Sn]S4 is described as 

tetragonal with a = 7.553, c = 8.383 Lattice constants o f a = 7.473(1) and c = 

33.064(1) have also been recorded.'^ The longer c-distance in this case is due to 

vacancies in the lattice. No x-ray diffraction data is available for SruSs. The lack of 

information supports previous observations that these phases are not stable at normal 

temperature and pressure.

1.1.3 Visual appearance of tin sulfides

Tin monosulfide forms dark grey crystals or a black amorphous powder.^'^ It is also 

known as herzenbergite, after the German mineralogist, R. Herzenberg, who first 

reported it.*̂

Tin disulfide is observed as yellow hexagonal crystals.^^ This bright yellow colour
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gives it its other name -  “mosaic gold”^̂  -  although this term also applies to the alloy of

65.3 % copper, 34.7 % zinc.^^ Historically, tin disulfide has been used as pigment for 

gilding and bronzing.^^ The mineral name of tin disulfide is bemdtite. A second type 

of crystal has been observed for tin(IV) sulfide, which is shiny silver in colour.

Tin sesquisulfide is also known as ottemannite after J. Ottemann -  the German 

mineralogist who discovered it.*̂  It is brown.

1.2 Synthesis and applications of tin sulfides

1.2.1 General historical methods

Tin(IV) sulfide was first prepared in the laboratory approximately 230 years ago.^^ 

“Aurum M osaicum,” as it was known in 1771, was prepared by heating a tin amalgam 

with sulfur and ammonium chloride. The Aurum M osaicum sublimed from this 

combination. Mercury only sufficed to activate the tin, and ammonium chloride served 

only to prevent melting of sulfur. Various recipes were proposed, with and without use 

of mercury and ammonium chloride, and purity of the product was determined by 

colour and taste. Aurum M osaicum is of a shining golden colour when pure, and has no 

taste. The highest yield came from combining 12 ounces of tin with 7 ounces of sulfur, 

which are stoichiometric amounts for the formation of tin(lV) sulfide. W oulfe’s 

calculations determined that 1 ^/lo ounces of Aurum M osaicum contained 1 ounce of tin. 

This is equivalent to 59 % Sn by mass, whereas SnSi contains 65 % tin by mass. These 

values are very close, considering the accuracy to which it was possible to work in 

1771.

Aurum M osaicum was used as a vermifuge, but W oulfe surmised that as compounds of 

metals and sulfur were inactive, this did little good. He concluded that, as other 

scientists had found Aurum M osaicum to have a “rough taste”, it was tin chloride 

impurity which was responsible for the anthelmintic effects. A further use proposed by 

W oulfe was in fireworks. His reasoning was that since tin reacts violently with nitre, a 

tin sulfide would do so to a greater degree.
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Woulfe also investigated the combination of tin and sulfur by fusion. Heating tin and 

sulfur together at temperatures that were not quite red hot yielded a shining flaky brittle 

substance, known as “sulfurated tin.” The quantities used by W oulfe amounted to there 

being a four-fold excess of sulfur contained in this reaction. On heating Aurum 

M osaicum, mass was lost and the appearance became more like that of sulfurated tin. 

Further heating led to more sulfur loss and the appearance being even more like that of 

sulfurated tin. It is likely that in the direct formation of sulfurated tin some sulfur was 

lost, and that this compound was similar to tin(II) sulfide. On the melting points, 

W oulfe noted that Aurum M osaicum melts more readily than sulfurated tin, as it 

contains more sulfur. The melting points of tin(II) and tin(IV) sulfides have since been 

reported across a wide range, although tin(IV) sulfide does melt ca. 15 ° below tin(II) 

sulFde/^

Since that first description of the syntheses of tin sulfides, many alternative routes have 

been developed. These have had varying degrees of success, and many differences in 

properties have been recorded.

1.2.2 Bulk syntheses of tin sulfides

All tin sulfides have been made as bulk compounds by direct reaction of stoichiometric 

quantities of the elements in sealed ampoules at elevated temperatures.^'^ This method 

is used as a general technique for formation of metal sulfides.^^ Reaction of elemental 

tin and sulfur in liquid ammonia at room temperature yielded tin sulfide.^^ This was 

found to be a mixture of 60 % SnS, 35 % SnSi and 5 % unreacted tin metal. All 

products were X-ray amorphous, however heating affords only tin(II) sulfide. 

Metathesis provides a further pathway to tin sulfides.^^ Tin(IV) iodide and lithium 

sulfide were ground together and sealed in an ampoule, sonicated for 1 0  min and heated, 

wrapped in glass wool, at 550 °C for 5 hours. W ashing with methanol, water or dilute 

hydrochloric acid removed lithium iodide, tin metal and unreacted Snl4 . The resulting 

product was shown to contain only tin and sulfur by ED AX. The driving force of the 

reaction is the high enthalpy of formation of lithium iodide.

Single crystals of SnS were prepared for X-ray diffraction studies by sublimation at

25



900 °C in an evacuated quartz am poule/^ The Bridgman technique has also been 

applied to the formation of tin(II) sulfide crystals.^^

M olecular precursors, such as [(R3Sn)2E], [(R2SnE)3], [R2Sn(ER)2] or [R3SnER] (R=Ph, 

Bz; E=S, Se,), have been used to produce tin(II) sulfide/^ The benzyl compounds, 

prepared from benzyl tin chloride and Na2E in THE, decompose below 450 °C to form 

tin chalcogenide and dibenzyl. In the case of the linear precursors, SnE and tin metal 

were formed as would be expected from the precursor stoichiometry, whereas the cyclic 

precursors yielded only tin chalcogenide. Mixtures of sulfide and selenide precursors 

afforded SnSxSei.x when pyrolysed in appropriate ratios. In the analogous reactions 

with phenyl precursors, which occur above 300 °C, biphenyl was not observed and the 

mechanism was thought to go via the cyclic [(Ph2SnE)3].

Deposition from solution is another route by which tin(II) sulfide has been prepared. A 

general method for the precipitation of metal sulfides is available.^^ This involves the 

reaction in aqueous solution of metal cations with H 2S or (NH2)2S. MnS, FegSg, CoS, 

CogSg, NiS, CuS, ZnS, CdS, HgS, PbS and SnS have all been prepared by this method. 

A more commonly used method is passing H 2S gas through a solution of SnCl2 in 

hydrochloric acid.^^ This yields a yellow powder.

Single crystals of SnS2 , suitable for X-ray diffraction, have been grown by the chemical 

transport method.^^ This produced yellow platelets up to 0.2 mm thick and 3 - 4  mm 

across. At temperatures below 600 °C the 2H polytype of tin sulfide was formed. 4H 

SnS2 was produced above 800 °C, and 18R SnS2 was formed between these 

temperatures. Alternative routes to single crystals are physical vapour transport^^ or 

chemical vapour transport using iodine as the transport m e d i u m . I n  addition, SnS2 

has been prepared by reaction of SnCl2 with Na2S followed by treatment with sulfur and 

ammonium chloride at high temperatures.^^

Nanocrystalline p-SnS2 has been prepared by a solvent-thermal method using SnCU and 

anhydrous Na2S in toluene at 150 °C.^^ Particles of ca. 12 nm were formed. Tubular 

crystals of p-SnS2 have also been formed.^*^ These are (001) tubes formed by curling 

round a (0 0 1 ) sheet of p-SnS2 .
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As already mentioned, tin sesquisulfide may be prepared by heating tin and sulfur in a 

sealed, evacuated tube.* ’̂̂ ’̂  ̂ A combination of 54 at. % sulfur and 46 at. % tin heated in 

a quartz ampoule to 720 °C over 24 hr, yielded needle-shaped crystals of sufficient 

quality to perform X-ray diffraction.^^ Alternatively, thermal annealing of the binary 

sulfides, namely tin(II) sulfide and tin(IV) sulfide, at 500 °C led to crystals of diameter 

1 - 2  mm and many mm long.^^ M ixed metal sulfides containing tin(II) or tin(IV) have 

also been prepared by this method.

1.2.3 Film deposition of tin sulfides

M any methods have been employed in tin sulfide thin film deposition, however perhaps 

the simplest is to form the sulfide by another means and thermally evaporate it onto a 

substrate. This method was used by many g r o u p s . B a d a c h h a p e  et al.^^ went one 

stage further in the deposition of thin films. They prepared tin(II) sulfide by passing 

H 2S through a solution of SnCli in hydrochloric acid as described above, and then 

evaporated it onto rock salt or collodion (cellulose nitrate) substrates. These substrates 

were then dissolved away in water, leaving a single crystal of tin sulfide. As these 

crystals were grown epitaxially on another crystal, they did not necessarily conform to 

the usual orthorhombic structure of tin(II) sulfide. On the (100) plane of sodium 

chloride, hexagonal SnS was deposited with a = 3.63, c = 6.00 Â at 200 -  250 °C. At 

temperatures of 300 -  350 °C cubic SnS was observed with a = 5.16 A. These 

structures did not revert to orthorhombic even on cooling.^^

Tin(IV) sulfide has also been evaporated onto substrates in order to produce thin 

f i l m s . A m o r p h o u s  films were the result, and at temperatures 21 °C < T < 70 °C the 

optical band gap was 1.05 ±0 . 1  eV. Increasing the deposition temperature to T < 336 

°C, the optical band gap increased to 1.93 eV due to a polycrystalline state being 

formed.

In some cases, tin sulfide films have been deposited directly from  solution. Chemical 

baths of a variety of compositions were used to this effect. A general method for the 

deposition of metal sulfide films exists."^^ This involves use of an acidic medium 

containing Na2S2 0 3  as sulfur source, and has been used in the deposition of I-VI, II-VI,
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IV-VI and IV-VI films. Pertaining specifically to tin sulfide, a bath containing Sn"̂  ̂ salt 

solution, NaiSiOs and EDTA in acidic aqueous solution has been used to deposit SnS2 

onto various s u b s t ra te s .T h e s e  films were of a polycrystalhne nature, exhibited n-type 

conductivity with a band gap of 2.2 eV. A further solution reaction is that of 

SnCl2 .2 H 2 0 , thioacetamide, triethanolamine and aqueous ammonia in acetone, which 

was used to deposit SnS onto glass slides supported vertically on the walls of the 

b e a k e r s .T h is  could be carried out at room temperature, but raising the temperature to 

75 °C increased the rate of deposition. Excess triethanolamine was found to prohibit 

film growth, and excess ammonia led to incorporation of hydroxide in the films. Films 

of many thicknesses and a correspondingly wide range of reflection and transmission 

colours were deposited in this manner. A related solution of SnCl2 , triethanolamine, 

am monia and thioacetamide in glacial acetic acid and water also yielded SnS /^  Glass 

slides were placed vertically in the solution, which went brown on addition of the 

thioacetamide, and a brown film was deposited on both sides of the glass. X-ray 

diffraction revealed that the films were amorphous, however heating powder scraped 

from the films to 400 °C led to a powder which analysed as tin(II) sulfide.

A further solution deposition method involved dipping glass slides alternately in cold 

N a2S and hot SnCE solutions of equal concentration.^^ In this reaction, the pH of the 

SnCE solution was important in determining the quality of the final films. At pH < 3 

films were not particularly adherent, whereas at pH > 3 a transparent red-brown film 

was deposited on both surfaces of the substrate. At pH = 7 dissolved SnCE is partially 

hydrolysed, impeding deposition and slowing the rate of film formation. Films were of 

good quality and uniform thickness, as determined by their interference patterns. The 

films were analysed by X-ray diffraction, which showed preferential growth in the [013] 

direction. Small opaque crystals were formed, which were surrounded by a transparent 

brown phase of amorphous SnS. Higher pH of the SnCl2 solution during deposition led 

to more crystalline materials being formed; ultimately, at pH = 12 no amorphous SnS is 

seen. Heating these films of SnS changed conductivity from p-type to n-type and 

increased it over one order of magnitude. Heating for longer periods resulted in partial 

disproportionation of SnS to SnS2 and Sn. Annealing for a short time followed by 

subsequent deposition from the bath led to an n-p homojunction, whereas longer 

annealing followed by subsequent deposition from the bath led to an n-p heterojunction 

of n-SnS2/p-SnS. Annealing SnS in air resulted in white Sn02 being formed.^^
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Deposition of tin(IV) sulfide has been achieved from a solution of SnCl2 , HO Ac, 

EDTA, ammonia, thioacetamide and hydrazine/^ Glass slides placed vertically in the 

solution were coated with tin(IV) sulfide, over 10 -  120 minute periods. An optical 

band gap of 2.3 eV was recorded for these films and n-type conductivity observed.

Electrodeposition of tin(II) sulfide from a solution containing SnCH and thiosulfate 

anions has been carried out.^^ Electrodeposition has also been used with a non-aqueous 

solution of SnCE and elemental sulfur in ethylene glycol.^^ This was used to deposit 

onto indium tin oxide glass. An electroless deposition method has been used to deposit 

tin sulfides onto non-conducting substrates such as glass.^^ This comprised a solution 

of organic acid, tin(II) salt, sulfur and tin(II) complexing agent (potassium gluconate or 

tartaric acid) in water. W ater and the complexing agent affected the stoichiometry of 

the film, grey-black Sni-xS, brown Sn2±xSs and SnS2-x all being accessible.

The electrodeposition of tin(IV) sulfide has been studied by cyclic voltametry.^^ It was 

found that the first anodic peak was associated with deposition of a SnS2 monolayer 

resulting from the adsorption of HS on the electrode surface. More positive potentials 

led to a second anodic peak related to a tin disulfide film  over the entire electrode.

Films of tin(II) sulfide have been deposited on Com ing glass and silicon slices by 

plasma-enhanced chemical vapour deposition.^ The reagents used were SnCU and H 2S, 

and hydrogen was the diluent gas necessary to remove any chlorine radicals formed in 

the SnCU decomposition. X-ray diffraction was used to analyse the resulting films, and 

it was observed that, at constant plasma power, the lowest substrate temperature (100 

°C) gave rise to a film composed of SnS, SnCU, SnCU and sulfur. Increasing substrate 

temperature led to higher purity in the film, in fact by 200 °C only peaks corresponding 

to SnS were observed. Preferential growth in the ( I I I )  peak was seen at a deposition 

temperature of 250 °C, however this preferential growth was lost at higher substrate 

temperatures due to faster nucléation. Plasma power also had an effect on the film 

composition. At 0.023 Wcm'^ only SnS was seen. On increasing the power to 0.040 

W cm'^’ some sulfur was seen in the x-ray diffraction pattern due to this power being 

sufficient to decompose H 2S. Higher plasma power led to the removal of this peak, as 

SnCU decomposition is facilitated. Metallorganic chemical vapour deposition has also 

been used in the deposition of tin(II) sulfide f i lm s .P re c u r s o r s  used were tetraethyl tin
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and hydrogen sulfide. No characterisation was carried out on the films, although it was 

assumed that they were tin(II) sulfide because of the reducing hydrogen atmosphere 

present in the system. Thin films of SnS have been prepared by sulfidization of the 

surface of a tin metal film.^'^ Tin was heated to 100 -  230 °C for > 5 minutes in a 

hydrogen sulfide atmosphere. This sulfidized the surface, and further heating to 231 -  

800 °C allowed sulfidization of tin within the film. The resulting film exhibited good 

adhesion with few defects.

Spray pyrolysis has also been used to deposit tin(II) sulfide f i l m s .E q u i m o l a r  

solutions of tin(n) chloride and n,n-dimethylthiourea were sprayed onto Coming glass 

substrates at temperatures of 100 -  450 °C.

Van der Waals epitaxy has been used in the study of tin(IV) sulfide f i l m s . A  variety 

of single crystal substrates was studied, and growth was observed to be of a two- 

dimensional layer-by-layer fashion. Tin selenide has also been studied in this manner, 

and it was found that tin sulfide exhibits a more strictly layer-by-layer growth 

mechanism, which was attributed to greater surface diffusion r a te s .D if f e r e n t  growth 

morphologies were observed in the first few monolayers by STM and AFM.^^

Spray pyrolysis of tin sesquisulfide has been carried out using SnClz and n,n- 

dimethylthiourea.^^ A solution of these two components in a mixture of water and 

propan-2-ol was used. The substrate was Pyrex glass and dry air used as the carrier gas. 

Depositions were carried out at a substrate temperature of 320 °C, and X-ray diffraction 

used to determine the composition of the film. Previous studies had shown that only 

temperatures below 360 °C afforded Su2S3 .̂  ̂ H igher substrate temperatures (370 -  390 

°C) resulted in deposition of SnS films, whereas temperatures in excess of 390 °C yield

1.2.4 Applications of tin sulfide

The applications of tin sulfide with which we are concerned in this work are mostly 

related to their electronic and optical properties. As such, they will be discussed in 

section 1.3, which deals with these aspects.
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A further application of tin(IV) sulfide is related to its structure. The isomorphous 

com pound TiSz is commonly used as a solid state lubricant.^^ Compounds of the 

form ula M ’iM ^^M ^Sx (M ‘, = Ti, V, Mn, Fe, Cu, Zn, M o, W, Sb, Sn, Bi; 1, m =

1-5; n = 0-5; x = 2-8) are used as solid lubricants in friction materials.® Another group 

prepared a composite containing aramid fibres, organic binders, organic and/or 

inorganic fillers, tin(II) and/or tin(IV) sulfide as a lubricant and metals or metal 

compounds.^^ This compound shows greater crack resistance than a similar compound 

incorporating SbiS] in place of the tin sulfides. These composites are used in friction 

materials such as brake and clutch linings.

A tin-based thin film comprising SnS, SnSe or fine particles of tin dispersed in tin 

oxides, sulfides or selenides has found use as an optical recording medium.*^^

1.2.5 Related compounds

Compounds related to tin sulfides have also been prepared by many groups. Sulfides 

based on SnS] of the general formula (SnxMi.x)S2 (M = Ti, Mo, Fe, Cr, Ta, Nb, Mn, Bi, 

W, Cu; X = 0.5 -  1) have been prepared by combination of tin, metal M and/or metal 

sulfide and superstoichiometiic amounts of s u l f u r .T h i s  was done in the presence of 

halogenide compounds especially ammonium chloride or tin chloride, in an inert 

atmosphere. Ternary sulfides based on SnzSg of the form M^M’̂ Ss (M^ = Sn, Pb; M ^  

= Sn, Ge) have been prepared by heating mixtures of the binary sulfides in sealed 

ampoules at 500 -  600

M icroporous materials based on tin sulfides have also been widely studied. [TMA-SnS- 

1] (TMA = tiimethylammonium) has been prepared in aqueous media at room 

temperature.^^ [CieTM A-SnS-Ll] (Ci6 = cetyl) has been prepared from a system 

com prising CieTMABr (cetyltrimethylammonium bromide), SnCU and Na]S in water."^^ 

The pH  of the reaction mixture was 12. The material exhibited a monoclinic layered 

structure with a basal spacing of 25.5 Â. An increase of crystallisation time led to 

transformation to [CiôTMA-SnS-L], which had a different chemical environment about 

the tin(IV) although both were tetrahedral. Packing of the C iôTMA"^ chains was also 

different. The tin:sulfur ratio in these two phases was 1:2.5. A further phase denoted
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[ClôTMA-SnS-M] has been prepared with a tin:sulfur ratio of 1:2. This compound had 

octahedral co-ordination about tin. Related compounds [(Et4N )2Sn3Sv] and 

[("Pr4N )2Sn4S9] have also been prepared.^^ These incorporate Sn3S4 units linked by 

sulfide bridges.

1.3 Electronic considerations

The principle application of tin(II) sulfide is as a semiconductor. It is also of interest as 

a heat m irror coating on windows. With these applications in mind, it is useful to have 

a brief overview of the terms used in discussing semiconductors, photovoltaics and heat 

mirrors.

1.3.1 General description of semiconductors

From  the aspect of conductivity, there are five recognised classes of material. These 

are, in order of decreasing conductivity, superconductors, metals, semimetals, 

semiconductors and insulators. Metals, and superconductors above their Tc, exhibit 

metallic conductivity. This means that the resistance increases with temperature due to 

lattice vibrations impeding the motion of electrons. This effect is observed throughout 

all materials. Semimetals, semiconductors and insulators have decreasing resistivity 

with temperature. This is because of the band structure of the materials.

1.3.1.1 Band theory

In a single atom, there are discreet energy levels. W hen two or more atoms are brought 

together, there is a slight perturbation in the energy levels with respect to those in the 

isolated atom. They are still very similar in energy. If a large number of atoms are 

brought together, then the energy levels form a continuous band.

Each atomic energy level within an atom may contain only two electrons -  one with 

spin up and the other with spin down. This is the Pauli exclusion principle, which states 

that no two electrons may have identical sets of quantum numbers associated with them.
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This means that if n atoms are brought together in a solid, then the band associated with 

each level will be capable of containing 2n electrons. Figure 1.5 shows how bands may 

be filled or empty. Energy is plotted along the x-axis and frequency of states with this 

energy up the y-axis. The figure depicts which states are filled or empty at absolute 

zero, however temperature affects occupancy according to the Boltzman distribution. In 

a material, there will be an energy which has exactly half its states occupied at any 

temperature. This is called the Fermi-level and is denoted B/.

SemimetalMetal Sem iconductor

Ef

Insulator

E

Figure 1.5 Density of states diagram for metals, semimetals, semiconductors and insulators.

In a metal such as sodium, the 3s orbital contains only one electron, and the 3s band of a 

solid will contain n electrons. Since the band may hold up to 2n electrons it is half full. 

This is depicted in Figure 1.5. Metallic conduction occurs when a band is partially 

filled. A metal such as magnesium has two electrons in its 3s orbital, so it would appear 

that this has a full 3s band and the next band up (3p) would be empty. However, the 3s 

and 3p bands overlap, allowing electrons to move freely into the 3p orbital. In these 

cases, the Fermi levels fall within a region of non-zero density of states. This is the 

strict definition of metallic conduction.

Superconductors behave in an identical manner to metals. The difference is in the 

resistance at low temperatures. As previously mentioned, atomic vibrations impede 

electrons flowing through the material. At lower temperatures atoms vibrate less, and 

conductivity increases. Superconductors are materials whose low-temperature 

resistance is zero.

Band theory for materials with covalent bonding, such as silicon, needs to be modified 

according to molecular orbital theory. In silicon, the 3s and 3p orbitals are hybridised to 

form four sp^ hybrids. These can be shown by symmetry to point toward the comers of 

a tetrahedron with the atom in the centre. This explains the tetrahedral bonding in
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materials such as silicon and diamond.

In molecular orbital theory, when two atoms are brought together, atomic orbitals with 

the same symmetry, similar energy and similar size can combine. Two atomic orbitals 

will be transformed into two molecular orbitals -  bonding and anti-bonding. In the case 

of silicon, there are four atomic orbitals on each atom, and two atoms will therefore 

combine to give four bonding and four anti-bonding orbitals. Consequently, n atoms 

will provide 2n bonding and 2n anti-bonding orbitals. Each atom provides four 

electrons, so there are 4n electrons in total. This is sufficient to fill 2n orbitals. In 

summary from the molecular orbital viewpoint, there will be two bands -  bonding and 

anti-bonding -  one of which is filled, and the other, empty. In terms of band theory, 

these are called the conduction (bonding) and valence (anti-bonding) bands.

It is seen from this, that there is no energy level which has half of its states occupied and 

half empty. In this case, the Fermi level is found within the region of zero density of 

states.

The difference in energy between the valence band and conduction band is called the 

band gap. It is denoted Eg. Semimetals differ from semiconductors and insulators in 

that their band gap is zero. This means that the two bands, although they are separate, 

touch. The Fermi level is still found in a zero density of states, although the band gap is 

zero.

The difference between semiconductors and insulators is somewhat more difficult to 

define. In some cases charge carrier density is used, however this is temperature 

dependent, allowing insulators to become semiconductors at high temperatures and 

semiconductors to become insulators at low temperatures. A more universal method is 

to say that the difference between the two is the energy of the band gap. 

Semiconductors have 0 < Eg < 4 eV, while insulators have Eg > 4 eV.

1.3.1.2 Intrinsic and extrinsic semiconductors

Pure silicon is an elemental semiconductor. Each atom has four electrons and shares 

one from each of the four atoms to which it is bound. This creates the noble gas 

configuration of eight valence electrons. W hen energy is provided and one of these
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electrons is promoted to the conduction band, a hole is left behind. Many things can 

occur as a result of this, one of which is recombination, i.e. the electron dropping back 

into the hole and releasing energy in the form of electromagnetic radiation or lattice 

vibrations (phonons). More interesting, however is that the electron and hole may 

migrate through the silicon.

M ovement of the electron is easy to comprehend, and is identical to the mechanism in a 

metal where the electron may be anywhere in the delocalised band over the whole 

sample. Focussing on the hole created, a valence electron from a neighbouring atom 

may move to fill this hole. This can be repeated, with the effect that the hole migrates 

across the sample. If the silicon is placed in an applied field, the electron in the 

conduction band will migrate in the opposite direction to the field, and current flows. 

Any electrons moving into the hole will also be affected by the applied field and move 

in the direction opposite to it. The effect of this is that the hole is moving in the 

direction of the field.

In the case of pure silicon, the number of electrons will always be equal to the number 

of holes. This is called intrinsic conduction. The Fermi level lies in the centre of the 

band gap in intrinsic semiconductors.

Impurity atoms can lead to there being a large excess of one type of charge carrier over 

the other, and conduction of this type is said to be extrinsic. If a silicon atom is 

replaced with an atom of a group V element such as phosphorus, this will have five 

electrons in its outer shell, and will receive four from neighbouring silicon atoms to 

which it is bound. This creates a total of nine electrons, which is in excess of the noble 

gas configuration. The extra electron will readily be accepted into the conduction band. 

It is called a donor electron and the energy level diagram of this is shown in Figure 1.6. 

In this case, the majority charge carriers are negatively charged electrons, and the 

semiconductor is said to be n-type.

At T = 0 K, the donor levels are all filled, and the Fermi level is situated between the 

donor states and the conduction band. This is shown in Figure 1.6. Increasing the 

temperature causes electrons to move into the conduction band, leaving empty states in 

the donor levels, so the Fermi level moves down. At high temperatures intrinsic 

conduction takes over, and the Fermi level will be found approximately in the centre of
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the energy gap as in the intrinsic case.

T
N-type semiconductor 

Conduction band

donor levels

Valence band

T = OK T = room temp.

P-type semiconductor

acceptor levels

T = OK T = room temp.

Figure 1.6 Band structure of extrinsic semiconductors (dotted lines denote Fermi levels).

The opposite case may apply if a silicon atom is replaced by a group III atom. Now the 

atom is electron deficient, having only seven electrons in its valence shell. The space 

remaining may be filled by electrons from neighbouring atoms as in hole migration in 

pure silicon. Impurity atoms of this type are known as acceptor atoms and give rise to 

acceptor levels in the energy level diagram as seen in Figure 1.6. The hole, although it 

is the absence of an electron rather than the presence of something else, is treated as 

though it was a particle. It behaves in the same manner as a positron and has the 

symbol h^. Holes are positively charged carriers, and semiconductors of this type, 

which have positively charged particles as majority carriers, are called p-type.

Now, at T = 0 K, the Fenni level will be found above the valence band and below the 

acceptor levels. With increasing temperature, it moves towards the centre of the energy 

gap as shown in Figure 1.6.

In extrinsic semiconductors, donor levels are close to the conduction band (n-type) or 

acceptor levels are close to the valence band (p-type). Due the proximity of these 

levels, very little energy is required for all donor levels to be emptied or acceptor levels 

to be filled. Relatively low temperatures are required for all the extrinsic behaviour of a 

material to be experienced, however, intrinsic conduction still occurs. This is an 

exponential growth with respect to temperature, and the overall carrier density of an 

extrinsic semiconductor as temperature changes is shown in Figure 1.7.

A further modification of this type of semiconductor is one where two dopants are used 

-  one n-type and the other p-type. This is called a compensated semiconductor. It is 

possible to have a partially compensated semiconductor, where both types of dopant 

exist, but one is in excess over the other.
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Figure 1.7 C arrier density o f an extrinsic sem iconductor as a function o f température.**^

1.3.1.3 Compound semiconductors

M any compounds also exhibit semiconducting properties. Binary compounds of Group 

i n  and Group V elements exist with a structure similar to that of silicon. Each atom is 

surrounded by four atoms of the other element in a tetrahedral arrangement with four 

covalent bonds. The difference is that three of the bonds contain one electron from each 

atom, and the fourth is a dative bond with two electrons from the Group V element. As 

dative bonds and covalent bonds cannot be distinguished, the arrangement of valence 

electrons is isoelectronic with that in silicon. This is the zincblende structure (ZnS).

Compounds of Group II and Group VI also exhibit semiconducting properties, but the 

difference in electronegativity of these two groups causes the bonds to be more ionic. 

This means that their band gaps will be wider than those of III -  V semiconductors. 

Group I -  Group VII compounds, such as sodium chloride, are almost fully ionic, and 

are therefore insulators.

In III-V, II-VI and I-VII semiconductors, it would be expected that they would exhibit 

intrinsic behaviour. A perfect crystal would, but almost all crystals contain defects, 

which act in the same way as doping atoms. A compound semiconductor might have a
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deficiency of the cationic element, which would lead to there being localised excesses 

of electrons. This makes the semiconductivity n-type. On the other hand, if there were 

a deficiency of the anionic element, conductivity would be p-type.

As the band gap of similar materials varies greatly, there is significant interest in 

making ternary or quaternary compounds in order to tune the band gap to suit a 

particular purpose. An example of a ternary compound is aluminium gallium arsenide, 

AlxGai-xAs, and InxGai-xAsi.yPy is an example of a III-V quaternary compound.

1.3.1.4 Direct and indirect semiconductors

In order to appreciate the difference between direct and indirect band gap 

semiconductors, it is necessary to realise that the above models do not describe actual 

transitions, but the existence of allowed and forbidden states. The full picture is only 

realised when specific energy levels are studied along with associated transitions.

The simplest way to visualise a solid from the point of view of an electron is as a 

periodic array of potential energy minima. The model is simplified further, if each 

minim um  is assumed a square-edged well, and only a one-dimensional crystal is 

considered. This is the Kronig-Penney model^^.

A particle of the size and mass of electron can also be described as a wave. This is 

quantified in the de Broglie relationship

where h is P lanck’s constant and X is the wavelength of the particle.

Another term that must also be defined is the momentum vector or wave vector, k.

k = ̂  1.2
A

From  1.2 and 1.3 it is seen that the momentum may be written as

p  = kh 1.3

where h = ^ 271

An electron in a vacuum experiences no external forces. Therefore, its energy is

38



described entirely by its kinetic energy .

£  = 1.4

From 1.3 and 1.4 the energy of a free electron in a vacuum becomes

2m

In a solid, the atomic nuclei exert a force on the electrons. This can be envisaged as a 

local potential well. Over the whole solid, this is a three dimensional array of potential 

wells.

For a one-dimensional solid, considering only s-orbitals, the lowest energy occurs when 

all orbitals are in phase, i.e. \|/ = (si + S2 + S3 + S4 + ...)

Tire wavelength of this is infinite, so the wave vector is zero. This means that the 

energy of an electron in this environment would have no kinetic energy term, and only a 

potential energy term.

Considering the highest energy condition for only s-orbitals, this would have all orbitals 

out of phase. \|/ = (si -  S2 + S3 -- S4 + ...)

In this case, there is a nodal plane between all the atoms. This can be depicted as a 

wave, with wavelength 2a where a is the lattice spacing. All intermediate instances of 

s-orbital configurations will lead to intermediate energies and intermediate wavelengths.

For pz-orbitals, the lowest energy state, exists when all orbitals are bonding. This 

occurs when they are out o f  phase, so \|/ = (p î -  pz2 + Pz3 -  Pz4 +• • •)•
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Tlie wavelength is the same as that for all in phase s-orbitals, 2a, but the nodes are on 

the atoms rather than between them. When the pz-orbitals are in phase \|/ = (pzi + Pz2 + 

Pz3 + Pz4 + ...) they are at their most anti-bonding and highly energetic state. The 

wavelength is a.

In the case of s-orbitals, energy increases as you progress from all in phase to all out of 

phase, so it is said to disperse upwards. For pz-orbitals, energy disperses downwards as 

you progress from all in phase to all out of phase. P^- and py-orbitals will follow the 

same trend as s-orbitals, however there will be a difference in energy due to different 

potentials.

A plot of energy vs. wave vector shows where an electron may exist. This is shown in 

Figure 1.8 for the simple description above. It is usual to plot the wave vector only as 

high as 7i/a, as extending it beyond this range repeats that which is experienced within 

this range.

I
I
I
Ig

s-orbitals

0.30 0.1 0.2 0.4 0.5 0.6 0.7 0.8 0,9 1

wave vector / (full scale  = Pl/a)

Figure 1.8 Qualitative view of energy levels associated with atomic orbitals.

In this description, which is only concerned with the n=2 energy levels, electrons may 

occupy states at all energies. In a real crystal, some energies may have no states
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associated with them, as was demonstrated in the simple band description above. For 

electrons to transfer from a state below this forbidden gap to one above there must be an 

increase in energy. The wave vector, as previously seen, is a measure of momentum. 

As a photon has no mass, in order to obey the law of conservation of momentum, only 

vertical transitions are allowed on an energy / wave vector diagram.

Some materials, namely narrow band gap III-V and all II-VI semiconductors, have their 

highest energy state below the gap and their lowest energy state above the gap at the 

same wave vector. This means that the incidence of a photon can excite the crystal by 

the minimum amount. These are called direct band gap semiconductors. Group IV and 

cubic III-V semiconductors do not exhibit this property. Instead, vertical transitions, as 

caused by photons, excite electrons by more than the minimum energy gap of the 

crystal. These are called indirect band gap materials. Band structures of these two 

types of material are seen in Figure 1.9.
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Figure 1.9 Wave vector vs. energy plot for direct (left) and indirect (right) band gap 

semiconductors.'^^

In order to measure the width of the narrowest part of the gap in indirect band gap
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materials, forbidden transitions must occur. These involve the action of phonons. 

When a photon excites an electron, a phonon may also be involved allowing horizontal 

motion through the energy / wave vector plot. This is shown schematically in Figure 

1.10. Phonons may be either created or annihilated in this action.

Tire optical absorption spectrum of a perfect ideal direct band gap semiconductor, 

would have no absorption at energies less than the band gap, and 100 % absorption at 

energies above the band gap. For an indirect band gap semiconductor, energies less 

than the narrowest path across the gap would have no absorption. Energies above the 

narrowest vertical transition would have 100 % absorption. In between, absorption tails 

off from one extreme to the other.

A real example of an indirect band gap semiconductor is germanium. The absorption 

spectrum of germanium is given in Figure 1.11. This shows the direct transition, with 

the indirect transition forming a shoulder on it.
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Figure 1.10 Phonon assisted transitions in an indirect band gap semiconductor.
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Absorption spectrum of Germanium/^Figure 1.11

1.3.2 Photovoltaic materials

In today’s fast moving world, power consumption is increasingly important. The need 

for renewable energy sources has become accepted, as fossil fuels are rapidly depleted. 

Solar cells are an obvious choice, as these devices, fitted to the roofs of most houses, 

would receive enough sunshine for all the energy requirements of the occupants to be 

met, provided sufficient storage is available.

Solar cells contain n-p junctions. In an n-p junction, semiconductors of these two types 

are brought together. As separate materials, the Fermi levels are separate. On contact 

electrons, which are the majority carriers on the n side of the barrier, migrate into the p- 

type material due to a concentration gradient. This leaves uncompensated donors and a 

net positive charge in the n-type material. Conversely, holes on the p side of the barrier 

migrate toward the n side leaving negatively charged acceptor atoms. The valence and 

conduction bands bend as this happens, bringing the Fermi levels into line. The system 

is only at equilibrium when the Fermi levels align, because the Fermi level is equivalent 

to the chemical potential, which, by definition, is equal throughout a system at 

equilibrium. The charge flow gives a dipole at the junction, called the space charge 

region. The interface between these regions is typically < 1000 Â, the exact width
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depending on the doping concentration, and may be different on either side of the 

baiTier.

ELECTRON
ENERGY

A

V
HOLE 
ENERGY

x = 0, JUNCTION
Figure 1.12 An n-p junction after materials are brought into contact.

Electron hole pairs can still be created either side of the junction. These have a finite 

lifetime, and recombination soon occurs unless the charges can be separated. This is 

done by the electrostatic region at the centre of the junction. Any electrons in the 

conduction band on the p-side will be attracted to the positively charged region on the 

n-side of the junction. This makes up the thermal current. At the same time, some 

electrons on the n-side of the barrier will have sufficient energy to overcome the 

electrostatic forces. These migrate to the p-side and recombine with holes. This is the 

recombination current. At equilibrium, they balance.

therm al current

recom bination current

x= 0
Figure 1.13 Thermal current and recombination current in an n-p junction.
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Applying a potential difference across the junction causes the bands to bend to a greater 

or lesser degree. If a negative bias is applied to the n-type material, this increases the 

levels of bands on this side of the junction. Now electron flow from here to the p-type 

material is facilitated and current may flow. The junction is said to have forward bias.

Under reverse bias, the n-type material is positively biased with respect to the p-type 

material. Now the difference in energy between the bands on either side is increased, so 

electrons are less likely to flow. They will only proceed if the current is high enough.

Recombination of electrons and holes after migration across the junction may be 

radiative or non-radiative. Radiative transitions, accompanied by the emission of a 

photon, only occur with direct band gap materials such as gallium arsenide. These are 

used as light emitting diodes. For indirect band gap materials, this transition is 

forbidden due to conservation of momentum, and the energy must be lost as lattice 

vibrations, or heat.

The photovoltaic effect is the reverse of a radiative transition. Incident sunlight causes 

the number of electron-hole pairs to rise greatly. This leads to an increase in the current 

due to electrons moving from the p-side to the n-side, due to band bending. Now the 

carriers are separated prohibiting recombination and excess charge carriers on either 

side of the material may be collected to do useful work. Charge carrier flow across the 

junction leads to a decrease in the band bending. W ithout this decrease, the cell would 

be at equilibrium and no current could flow. Current will flow as long as the bands are 

still bent sufficiently for charge separation.

In a solar cell, the n-type material is on top of the p-type material. Short wavelength 

photons create electron-hole pairs within the n-type material, and longer wavelength 

photons penetrate into the p-type material creating electron-hole pairs there. Under the 

p-type material, a contact covers the entire surface. Above the n-type material the 

contact is in the form of a grid, allowing light to shine on the surface. The surface of 

the n-type material between the grid may be covered with an anti-reflective coating, to 

maximise photon absorption.
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1.3.3 Important considerations for heat mirrors and solar control 

coatings

In cold countries, the cost of heating buildings is high. Conversely, the cost of cooling 

buildings in warm climates is high. If it is possible to minimise these costs and energy 

consumptions, by use of solar energy, that is to our advantage. One way would be using 

solar cells, but the direct use of sunlight is another.

All objects emit black body radiation depending on their temperature. The sun, which 

has a surface temperature of 5762 K, emits black body radiation in the visible region of 

the electromagnetic spectrum. M ost objects in the home or workplace are at a 

temperature of, say, 290 K, and black body radiation of these objects is of infrared 

wavelengths.

Buildings all have windows, which are transparent to the vast majority of radiation in 

the visible and infrared regions. If coatings can be applied to windows, then the optical 

properties may be modified to suit the needs of the particular climate.

In cold climates, little sunshine is seen through most parts of the year. High latitudes 

receive less sunlight, as it has to pass through a greater thickness of the atmosphere. 

W indows need to transmit as much of the visible light as possible, so the temperature in 

a room will rise. They also need to reflect infrared radiation. This is important to keep 

black body radiation emitted within the room from escaping. The transmittance 

reflectance spectrum for an ideal heat mirror is shown in Figure 1.14.

In warm climates, plenty of sunshine is available, and the light is very bright. If 

transmission of visible light through a window is as low as 10 %, there is still sufficient 

light within the building. Transmission in the infrared must also be minimised to stop 

heat from the sun entering the building. The major problem  is that reducing 

transmission usually leads to increasing reflection. Outside the buildings, light is very 

bright, and highly reflective windows could lead to spots almost as bright as the sun 

itself. This distraction could lead to major road accidents and other such problems, so 

government legislation in most countries limits the reflective properties of windows in 

urban areas to 10 %. The ideal solar control coating, therefore cannot have low
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transmission unless absorption occurs, so visible transmission of 10 -  50 % is the target. 

Figure 1.15 shows the transmittance reflectance spectrum of an ideal solar control 

coating.
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visible region infra-red region

Figure 1.14 Transmittance reflectance spectrum for an ideal heat mirror.
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Figure 1.15 Transmittance reflectance spectrum for an ideal solar control coating.

1.3.4 Electronic and optical description of tin sulfides

Tin(II) sulfide has attracted attention in recent years, as its electronic band gap of 1.3 

is intermediate between those of silicon (1.2 eV) and gallium arsenide (1.43 eV).^ 

This makes it potentially suitable for solar cell applications.^^ The optical band gap of

SnS is 1.08 eV,^  ̂ although in some instances band gaps as high as 1.51 eV have been

recorded.' '̂^ The conductivity in SnS is p-type with tin vacancies forming acceptor
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levels/^ An excess of tin alters conductivity to n-type/^ Ortiz et al.^ studied the optical 

absorbence of SnS and measured an optical energy gap of 1.34 eV (which agrees with 

most other measurements). Estimating the phonon involved in the transition to have an 

energy of 0.18 eV, they calculated that the direct band gap of tin(II) sulfide is 1.16 eV. 

Optical band gaps have also been measured using plane polarised light with the plane of 

polarisation parallel to the a- and 6-crystallographic d i r e c t i o n s . I t  was found that the 

band gaps are 1.161 ± 0.031 and 1.139 ± 0.015 eV in the a- and /^-directions 

respectively. A 2-dimensional model of this confirms that the transition is indirect 

forbidden with optical energy gaps of 1.089 and 1.068 eV in the a- and /?-directions.^^ 

Phonons involved in these transitions have respective energies of 0.08 and 0.062 eV. A 

3-dimensional model agrees that the transition is indirect, but does not determine 

whether it is allowed or forbidden.

Conductivity measurements on tin(II) sulfide^ give an electrical conductivity of ca. 5 x 

10^ ^ ’’cm"'. The activation energy of this was found to be 0.3 eV, and is associated 

with acceptor levels due to excess tin in the samples studied.

5 S o
Wa\releiigth, 10 A

d = 56I A

d = 982 A

^  40

d= 1127 A

Transmittance and reflectance 

data have been recorded for 

tin(ll) sulfide films.*^  ̂ Spectra of 

these are shown in Figure 1.16. 

These films were vacuum- 

deposited onto glass slides at 

100 °C. Films deposited in the 

same manner at 200 °C were 

observed to be hexagonal in 

structure and more reflecting 

and less transmitting.

Figure 1.16 Transmittance reflectance spectrum recorded for tin(II) sulfide films of different

thicknesses.40
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Tin(IV ) sulfide is m uch less in teresting  from  this aspect as its band  gap is 2.07 e V /^  It 

is an n-type sem iconductor. T he optical band gap o f 2H-SnS2 has been m easured as 

2 .18±0.02  T he m ain phonon associated  w ith this occurs at 0 .07 eV , with two

others observed  at 0.053 and 0.075 eV.^'^ An indirect transition  assisted  by a phonon of 

energy 0 .04  eV  has been identified  in crystals grow n by physical vapour transport. 

D oped  tin sulfide crystals have also been p repared  and their e lectrical conductiv ity  

s t u d i e d . C u ,  Au, Be, Zn, Ga, In, Pb, P, Sb, Se, Te and P t w ere all investigated  as 

dopents. Im purities had no effect on the structure o f the crysta ls -  2H , 4H  and their 

in tergrow ths being form ed. V alues o f conductiv ity  depend  on the im purity  elem ent, 

a lthough all m aterials w ere found to be n-type sem iconductors. T he exception to this 

occurs on sim ultaneous doping o f In and Cu, w hich produces large, perfect SnS]

crystals that exhib it p-type conductivity . 74

M ixed valent Sn 2 S 3 is a classical type-I m ixed valent c o m p o u n d . A s  such, it is 

expected  to exhib it insulating properties, how ever, it is a d irect forbidden 

sem iconducto r with an electronic band gap o f 0.85 eV .‘̂  ̂ T he room  tem perature 

conductiv ity  is 3 x 10  ̂ Q ’’c m ''. The ribbon-struc tu re o f S n 2 S 3 leads to a large 

an iso tropy  in the conductiv ity . T his aniso tropy  is tem peratu re dependen t w ithin the 

range 3 < Gr/Oa <  10.^* C onductiv ity  is n-type and the optical band gap is 0.95 eV'^^for

single crystals o r 1.16 eV  in the case o f thin film s. 57
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Figure 1.17 Transmittance reflectance spectrum recorded for tin(II) tin(IV) trisulfide.^^
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Details of the transmittance and reflectance of films of tin(II) tin(IV) sulfide deposited 

by spray pyrolysis have been recorded/^ The spectrum of this is reproduced in Figure 

1.17.

1.4 Methods of thin film deposition

Thin films, as a loose term, have been known for many, many centuries. Paints and 

glazes may be defined as thin films. Recently, however, thin films are a specialised 

technology whereby layers are deposited atom by atom rather than by laying down large 

particles.

Many methods are used to deposit thin films and these may be split into two categories 

-  physical and chemical deposition. Some of the more widely used methods are 

outlined in this section, although other methods, such as chemical bath deposition, may 

be used, as was described in section 1.2.3

1.4.1 Chemical vapour deposition

Chemical vapour deposition is an extensive technique. M any factors can be varied, 

often changing the name of the process, but all of which fall under this broad heading. 

M ain variations are the methods of precursor release and film deposition. The third 

common variable is the pressure inside the reactor chamber, which can be low {ca. 

<10‘̂  atm.) or atmospheric {ca. 0 . 1 - 1  atm.).

1.4.1.1 Methods of precursor release

Precursors of many types are used in chemical vapour deposition. Gas precursors may 

be admitted to the system directly, but solid and liquid precursors must first be 

vaporised.

The simplest route to vaporisation of precursors is in a bubbler. The bubbler contains a 

volatile solid or liquid. It is heated with a hotplate or thermal jacket. An inert gas is

50



passed through the bubbler and transfers some of the vapour to the reactor. This route is 

only applicable to materials with high vapour pressures. The gas lines through which 

the vapour passes must also be heated to stop condensation, which can lead to 

blockages.

Involatile materials or materials which decompose at low temperatures may also be 

used, but a non-thermal method of vaporisation is required. In this case, an aerosol of 

the precursor in a suitable solvent may be formed. Then, when the droplets arrive at the 

reactor, the high temperature conditions within the reactor lead to evaporation of the 

solvent and the precursor. Many methods of aerosol formation are used. Two of the 

most common involve a piezoelectric device or blowing a liquid through a small nozzle 

into a high pressure gas flow. Aerosol Assisted CVD or Spray Pyrolysis denotes use of 

these methods to vaporise the precursor.

1.4.1.2 Methods of film deposition

There are many differences in film deposition. The way in which the film relates to the 

substrate is a key one. Films can be epitaxial or non-epitaxial, and epitaxial films may 

be grown on like substrates or different substrates. If the substrate is different from the 

material being deposited, the film need not necessarily exhibit its usual crystal structure. 

Epitaxial films grown from organometallic precursors can be called organometallic 

CVD (OMCVD), metallorganic CVD (MOCVD) or Organometallic Vapour Phase 

Epitaxy (OMVPE).

Film  deposition on the substrate usually requires a form of additional energy. This is 

thermal energy in most cases. The substrate can be heated in many ways, and these 

determine the design of the reactor. The substrate can be placed inside a quartz tube, 

and either heated by an element within the tube, or by heating the entire tube from a 

tube furnace outside. This differentiates cold- and hot-walled reactors. Reactors may 

be horizontal or vertical and this describes the direction in which gases flow through 

them. A horizontal low pressure CVD reactor can coat more than one substrate at a 

time, by mounting them vertically with spacing between. This looks like a toast rack.

In some cases, particularly when the required heat energy is very high, heating is not an 

effective method of providing energy. Other methods of supplying energy to the
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substrate and precursors include photo assistance and plasma assistance.

In the case of photo-assistance, a laser is shone onto the substrate. Two geometries are 

possible -  perpendicular, where the laser is normal to the surface, and parallel, where 

the laser shines parallel to the substrate. Use of ultra-violet wavelengths allows a large 

amount of energy to be added to the system with very little heating of the substrate.

Plasma enhanced CVD (PECVD) makes use of electrical energy to promote film 

growth. Plasmas may be created by high temperatures or electric or magnetic 

discharges. Those created by heat have local equilibria between ions, electrons and 

neutral species. Nonequilibrium or “cold” plasmas have electrons and ions that are 

more energetic than neutral species.

In film deposition, the most common method of plasm a formation is using a radio 

frequency (rf) electric field. The field interacts with free electrons present in the gas. 

Ions are also affected, but this is negligible because of their much higher mass. The 

electrons’ energies will hardly be affected by elastic collisions, because of the huge 

difference in mass. Nor will they be affected much by inelastic collisions, unless they 

have energy sufficient to ionise the atom with which they collide.

When high energy electrons collide with atoms reactive species such as ions or radicals 

are produced as well as more electrons. These reactive species have lower energy 

barriers to chemical reactions on the substrate surface or in the gas phase. This means 

that lower substrate temperatures are required in chemical vapour deposition.

1.4.1.3 Types of precursor

Many precursors may be used for chemical vapour deposition. Differences in 

precursors can put the reaction into one of two categories -  multi-source or single­

source.

Where two or precursors are admitted separately, the chemistry of the precursors is less 

important. The two must react together, and being volatile or gaseous ensures easy 

transport to the reactor.
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In the case of single source precursors to compound materials, the precursor must be a 

molecule that contains all the elements required in the film, with bonds between them. 

The other components of the molecule must be weakly bound to the atoms of interest. 

It is important that there is a facile decomposition route to remove the unwanted parts of 

the molecule to volatile species and allow them to diffuse away rather than be 

incorporated into the film.

Precursors to films that are organometallic compounds, give the process the name 

Organometallic CVD (OMCVD) or Metallorganic CVD (MOCVD).

1.4.1.4 Mechanism of chemical vapour deposition reactions

In the CVD reaction there are a number of steps, all of which are important in the 

overall reaction, and each of which may be the rate limiting step. They are:

•  Transport of precursors to the vicinity of reaction,

• Possible gas phase reactions to yield film-depositing species,

• Adsorption of reactive species onto substrate,

• Diffusion of species over surface to growth sites,

•  Reaction to deposit film,

• Desorption of by-products, and

• Transport of by-products away from the vicinity of reaction.

The fifth step has two parts -  nucléation and growth. Films of different types are 

deposited depending on comparative rates of these two processes.

W hen nucléation occurs at many sites over the surface, small islands are created two- 

dimensionally. Eventually, these coalesce into a continuous film. This mechanism 

prevails when atoms of the film bind more strongly to one another than to the substrate. 

This pathway is usually the one observed in metal film deposition. In an extreme case, 

nucléation is so hard for aluminium films, that a TiCU catalyst is required to assist 

nucléation.

If atoms are equally strongly bound to one another and to the substrate, or if bonds to 

the surface are stronger a two-dimensional layer-by-layer growth is observed. This 

mechanism dominates for homoépitaxial growth. M ost hétéroépitaxial films also follow
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this mechanism.

In some cases with thicker films, initial growth will follow the two-dimensional layer- 

by-layer mechanism. As the number of layers increases, subsequent layer growth 

becomes unfavourable and three-dimensional island growth takes over.

Deposition temperature affects the structure of the film. At low temperatures, surface 

diffusion is low and nucléation high so amorphous films tend to deposit. At high 

temperatures, surface diffusion is more prolific than nucléation and crystalline single 

layers can build up. At intermediate temperatures nucléation and diffusion occur at 

similar rates, so films grow at many different locations over the substrate. This leads to 

island growth.

1.4.2 Physical methods

1.4.2.1 Evaporation processes

The simplest of all film growth methods is evaporation. This involves vaporising a pure 

material, which then deposits on a cooler substrate. The resulting film is generally of 

higher purity than the original sample.

In order to evaporate a pure sample, one must first be produced. This may be made by a 

number of techniques. Slowly cooling a sample from the melt is a straightforward way 

to produce pure crystals. This relies on the fact that impurities tend to be more soluble 

in the liquid than the solid, so remain in the melt. The Bridgman and Stockbarger 

technique is an example of this, where a ceramic boat containing the liquid is 

transported through an oven with a temperature gradient. Across the oven the 

temperature drops, and as the boat passes through the melting temperature the liquid 

freezes.

A similar method, but with vertical motion is the Czochralski method. Here, a seed 

crystal is slowly drawn upwards from a bath of the molten material. As the crystal is 

moved, it grows from the melt leaving the impurities behind.
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In the evaporation process, many methods may be used to vaporise the sample. 

Thermal heating with tungsten or tantalum wires is often used. In some cases, the 

material to be evaporated reacts with these metals and a ceramic crucible must be used. 

The most effective way to completely stop the material from coming into contact with 

the metal is to contain the material in a quartz boat, which has an inner quartz tube 

housing the metal s p i r a l . T h i s  is required for cadmium sulfide.

Typical evaporation equipment would have a source to substrate distance of ca. 10 -  50 

cm. In order to ensure that the atoms travel in a straight line from source to substrate, 

their mean free path must be greater than this distance. A pressure of less than 10'^ Ton­

is required to guarantee this.

In the case of evaporating alloys, further complications are involved as one element has 

a higher vapour pressure than another. This leads to it vaporising from the source at a 

greater rate, leading to different deposition rates on the substrate and the possibility that 

it may sublime out of the deposited film. One solution is to use a source material that 

has a low concentration of the element likely to vaporise faster. This will only work for 

small variations in vapour pressure of the constituent elements.

A more effective solution in the case of elements with a large difference in vapour 

pressure is to use multiple sources of the different components. In the case of cadmium 

sulfide, where sulfur has a higher vapour pressure than cadmium, one source will be 

cadmium sulfide, and a second sulfur source will be used. The higher flux of the 

material with high vapour pressure will stop evaporation of it from the deposited film. 

In addition, the temperature of the substrate must be sufficiently high that materials will 

react, but too high for the element with the higher vapour pressure to condense alone.

Another method of vaporisation is flash evaporation. This is used for multicomponent 

alloys where components evaporate at different rates. In this technique, small particles 

are dropped one at a time onto a very hot surface where they evaporate instantaneously.

Electron bombardment may be used to evaporate the sample. This overcomes the 

problems of reaction with the crucible, which can be associated with thermal 

evaporation. One problem associated with electron bombardment is that the energy of 

impinging electrons may be sufficient to decompose compounds, and this technique is
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often used where the target film is a decomposition product of the starting material.

1.4.2.2 Molecular beam epitaxy

This technique involves the deposition of an epitaxial film -  that is one in which the 

crystal structure matches that of the substrate exactly. In order to achieve this, the 

growth rate must be very slow, typically 1 pm/h.

The technique employs an ultra high vacuum, typically 5 x 10^^ torr. To achieve such a 

high vacuum takes a long time, so the equipment is maintained under vacuum almost all 

the time. Elaborate mechanisms have been devised to admit substrates and precursors. 

Crystals of the highest purity may only be formed if the substrate is completely clean. 

As etching in situ would compromise the vacuum, a number of multi-step procedures 

have been developed to remove contaminants.

The precursor is often transported to the substrate as a molecular beam. Knudsen cells 

are used where the precursor is heated by filaments encasing a pyrolytic boron nitride 

(PEN) crucible. A single Knudsen cell forms a single beam directed at the substrate, 

however the angular distribution of particles from this is small, so only small samples 

may be coated. A multiple Knudsen cell, with a number of 1 mm apertures gives a 

better uniformity of films, due to superposition of many beams.

Some materials, notably arsenic and phosphorus, form tetramers on evaporation. These 

lead to a large number of defects in resulting film, while deposition from dimers yields 

higher quality final films. In this case, the element should be dissociated before 

reaching the substrate by passing through a hot zone after the main reservoir. Typical 

temperatures are 300 °C within the main reservoir and 900 °C in the hot zone.

Low vapour pressure materials require much harsher conditions in order to achieve 

vaporisation. Electron beams are used for materials, such as silicon, which fall into this 

category. To minimise contamination from the metal used as the filament, the thermal 

electrons are deflected by a magnetic field through 270 ° before impinging on the 

source.

M ulticomponent films may be built up using a number of Knudsen cells. Each
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would contain a different material, and computer control shutters are used to switch the 

molecular beams on and off allowing layer by layer build up.

One advantage of molecular beam epitaxy is that in situ characterisation may be carried 

out due to the ultra high vacuum environment of the system.

1.4.2.3 Sputter deposition

In this method, high energy atoms or ions are continually bombarded at a surface, 

causing atoms from that surface to be ejected. As it is easier to accelerate charged 

particles, ions are used more often.

The number of atoms ejected from the surface per arriving particle is termed the 

sputtering yield. This depends on the energy of the incident particles, and their mass 

relative to the mass of the material being sputtered. Heavier ions will sputter a surface 

composed of light atoms much more easily than would light ions. The angle of the

beam to the surface also affects sputtering yield, which increases as ^ where 0 is 

the angle between the beam and the normal direction.

The source ions used to bombard the material are created by accelerating electrons from 

a hot filament through a gas. The high energy electrons strip electrons from the gas 

leaving positively charged ions. A continual source of electrons is not necessary to 

sustain plasma if the pressure is greater than about 20 millitorr. An applied electric 

field between two electrodes will cause a self-sustaining glow discharge. As positive 

ions impinge on the cathode, secondary electrons will be emitted maintaining the 

plasma.

The material to be sputtered is negatively biased, in order to attract the ions to it. 

Although the energy required to remove a surface atom is usually of the order of 3 -  5 

eV, the minimum threshold of the particles coming in to the surface is set to about 20 

eV. This is sufficient to dislodge bulk atoms, which then strike surface atoms from 

below ejecting them. Atoms ejected by this means have higher energies than thermally 

ejected atoms and are often ionised. Single atoms, diatomics and clusters of atoms are 

all produced in a sputtering process.
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One problem with sputter deposition is that there is a high contamination of the 

resultant film. This is because any impurity in the sputtered material is also susceptible 

to sputtering. The resulting film will be of similar stoichiometry to the original sample. 

One solution to this is to deposit the film over a long distance. The impurity particles 

will tend to deposit sooner, being more reactive and further away from the source, and a 

film of higher purity is produced. Another contamination problem is that the sputtering 

gas may be incorporated into the film. In contrast to intuition, it is found that increasing 

the pressure of the sputtering gas decreases the amount of absorption into the film.

Incorporation of the sputtering gas into the film is sometimes exploited. This is known 

as reactive sputtering and is used when high oxidation state oxides are required. Here, 

use of oxygen as the sputtering gas removes the potential problem of dissociation to 

lower oxides.

1.4.2.4 Cathodic arc plasma deposition

This technique is an alternative to chemical vapour deposition used in coating cutting 

tools with hard coatings such as titanium nitride. The setback with chemical vapour 

deposition is that temperatures in excess of 1000 °C are necessary to deposit these 

coatings, but this is above the annealing temperatures of the tools. Cathodic arc plasma 

deposition uses ion bombardment to form the films rather than elevated temperatures.

The source material is the cathode in an arc discharge circuit. M aterial is eroded in 

many forms, the most important of which are ions and microdroplets. Approximately 

30 -  100 % of the emitted vapour is ionised, and typical kinetic energies are in the 

region 1 0 -1 0 0  eV.

High deposition rates are afforded by this method, and films are of high adhesion and 

density. Alloy compositions are maintained during deposition.
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1.4.3 Other chemical methods of film deposition 

1.4.3.1 Sol-gel methods

The sol-gel process describes any process that involves the transition of a solution or sol 

into a sol-gel. The sol-gel is a rigid, porous mass of solid and solvent-filled pores, 

which comes about by destabilisation, precipitation or supersaturation. When applied to 

film deposition, however, the term sol-gel tends to include any coatings formed by 

dipping, spinning or draining.

A commonly use sol-gel system is one involving alkoxides. W hen a metal alkoxide and 

water are combined in a mutual solvent (e.g. ethanol) the alkoxide undergoes 

hydrolysis. Polymerisation soon occurs, and the system transforms to an alcogel, i.e. a 

gel formed from an alkoxide rather than from ion-exchange solutions or colloidal sols, 

which are termed hydrogels. Heat is often applied to accelerate this process. The 

solvent is removed by evaporation or evacuation.

In coating a sample, coating is carried out at the solution or sol stage and the sol-gel 

transition occurs while on the substrate. Resulting films are high in purity, 

homogeneous and achieved at low temperatures. The principle problem is cost of raw 

materials and difficulty in handling.
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2.1 Description of the CVD apparatus

2.1.1 Design of the rig

The apparatus used for the chemical vapour deposition reactions was purpose-built and 

based on previous reactors of the same type.

The main reaction chamber was supplied by Pilkington Glass pic. and consisted of a 

horizontal block of a graphite composite containing 3 Whatman cartridge heaters. 

Above the block, at a distance of 1 cm, was a glass top plate. At the end of the block 

was a piece of glass ca. 3.5 cm long and of the same thickness as the glass to be coated. 

Both these measures were to ensure an even flow of gases over the substrate by 

minimising turbulence. The ends of the reactor were attached with 6 bolts. An 

unheated exhaust line left the reaction chamber and was vented into the fume cupboard 

extraction system. At the entrance to the reactor was a brass block. This altered the 

incoming gas flow from a Vi inch pipe to a thin lamellar flow across the entire width of 

the reactor. It was easily removed for cleaning, and was prone to blockages as it 

contained the narrowest flows in the entire reactor. A schematic view of the reactor can 

be seen in Figure 2.1.

E—  to exhaust

^Quartz glass tube Brass endblock
Glass topplate^

Concentric piping

\
 ̂ 1 'Glass endplate
Glass substrate

Figure 2.1 Schematic view o f the CVD reactor.

The bubbler was made up of four parts. The base of the bubbler was machined stainless 

steel. The lid, inlet and outlet pipes, were also stainless steel. Between these was a 

metal and rubber O-ring acting as a seal. The lid was held on with a metal collar 

fastened with a wing nut. A brass cylinder to minimise heat losses surrounded the main 

chamber of the bubbler.
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Five independent gas lines w ere used in the reactor. T hese allow ed gases to be directed 

to and aw ay from  the reacto r with a series o f valves. T w o lines w ere used for the 

in troduction  o f volatile p recursors such as tin(IV ) chloride. T hese lines contained 

heated  n itrogen , w hich could  be d iverted  through the bubblers contain ing  the 

p recursors. The bubblers w ere heated, using a hotplate, to a tem peratu re at w hich the 

vapour pressure above the liquid  was sufficiently  high fo r a reasonab le am ount o f carry ­

ov er to occur. A third line, contain ing  pure n itrogen , m et w ith these tw o and allow ed 

fu rther d ilution o f the precursors. T he fourth line w as a pure n itrogen line. T his m et the 

lines from  the bubblers at a four-w ay valve. T he valve d irected  either the line from  the 

bubblers o r the plain line over the reactor and the o ther through a heated exhaust. The 

fifth line con tained  the co-reactan t w ith d ilu ting  nitrogen. T his could  be a gas, as in the 

case o f hydrogen sulfide, o r a liquid adm itted  through the use o f a syringe driver, for 

exam ple, w ater. T his line jo in ed  the o ther lines at a point 21.5 cm  from  the brass block. 

T he two lines did not m eet in a sim ple T -p iece as this proved  to cause turbulence and 

reaction o f the precursors before they en tered  the reactor. Instead, tw o concentric pipes 

w ere used, the inner carrying the gases from  the four-w ay valve and the outer the gases 

from  the fifth line. The inner tube was c a . 3 cm  shorter than the outer, although a 

shorter insert was available if necessary. All this is show n in the schem atic 

representa tion  in F igure 2.2.

Nitrogen F  2  ̂ J
bi 1 hb 1bubbler

Nitrogen F Jbnbbi Arbubbler

Nitrogen -#-4-

Nitrogen -#-4-

Nitrogen and 
Hydrogen Sulfide -»<#-

Exhaust Coater

Exhaust

Legend
 ̂ two-way valve 

j-j-j four-way valve

>  direction of 
gas flow

Figure 2.2 Schematic view of CVD rig.

All gas flow s w ere m onitored  using gravity  flow  m eters. All lines w ere m ade of 

s tain less steel, as this was unreactive tow ards H 2 S. L ines w ere heated  using Eurotherm
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heater controllers. A series of two-way valves were used to shut down various lines, for 

example if only one bubbler line were to be used, the second line would be closed to 

prevent cross-contamination from a previous precursor in this line. NUPRO “BK” 

series valves were used to adjust the flows through the lines. These were situated 

between the regulator and flow meter for each line. The four-way valve contained a 

VESPEL® insert. This is a polyimide material manufactured by Du Pont, which does 

not melt and has no glass transition temperature. It may be used at high temperatures 

and pressures and causes low wear and friction.

2.1.2 Operation of the rig

Loading of the bubbler was required before any reactions could be carried out. In the 

case of some materials this was simple, but air- and moisture-sensitive reagents required 

more careful handling. Tin tetrachloride was purchased from Aldrich in Sure Seal 

bottles. This could be loaded into the bubbler using a syringe. Tin tetrabromide, which 

is a solid at room temperature, was purchased from Aldrich packaged under nitrogen 

and was loaded into the bubbler in a glove box. All other reagents used with the 

bubbler were not air-and moisture sensitive so could be loaded in situ.

Three types of glass were provided by Pilkington Glass pic. All were previously coated 

with a barrier layer to prevent diffusion of atoms from the glass into the films. The 

three barrier layers provided were carbon-doped silica, tin oxide/silica and pure silica. 

The glass with pure silica coating was 2.9 mm thick and the other two were 4 mm thick. 

All glass was cut to 224 x 89 mm and the edges ground before being supplied to UCL. 

As the glass was produced on a float line, there were tin atoms on the uncoated side. 

These tin atoms fluoresce, so inspection under an ultra-violet lamp was carried out to 

determine which side was to be coated. The side to be coated was cleaned by wiping 

with a paper towel soaked in petroleum spirit 40-60, washing with propan-2-ol and 

drying in air. Once dry, this was placed in the reactor, pre-coated side up, and the 

reactor end bolted on and exhaust attached.

A small flow of nitrogen gas was admitted to each line and the line heaters were turned 

on. For most reactions, each was set to 150 °C. This was sufficient for any precursor or 

water in the lines not to condense out. The heaters in the graphite block were turned
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on. They were set to increase at 12 °C m in"\ Faster heating could lead to cracking of 

the glass especially the thinner silica coated glass. The hotplate under the bubbler was 

also turned on. This was set to a temperature where there would be sufficient volatility 

of the precursor for carry-over to occur. Volatility of the precursor was estimated from 

vapour pressure data given in the Handbook of Chemistry and Physics^^ for tin 

tetrachloride. For tin tetrabromide no vapour pressure values were available, so data 

from tin tetrachloride were used adjusting for the different melting and boiling points. 

Vapour pressure curves for these materials are given within Chapter 3, which discusses 

deposition reactions involving these precursors. For all other materials, a temperature 

between the melting and boiling points was chosen. Information on these was supplied 

by Differential Scanning Calorimetry, along with decomposition temperatures of the 

materials.

W hen the lines, bubbler and reactor had reached the required temperatures the system 

was left for at least five minutes to attain thermal equilibrium. The temperatures in the 

lines were recorded at this point, as some reaction times were too short for all data to be 

recorded during the reaction. Gas flows were increased in all the lines and hydrogen 

sulfide, if required, was admitted to the system. Nitrogen was diverted through the 

bubbler by closing the bypass valve, opening the outlet valve and opening the inlet 

valve. Flows from the bubbler were directed over the glass by turning the four-way 

valve. The stopwatch was started at this point. W hen the required time had elapsed, the 

four-way valve was turned directing the vapours away from the reactor and out through 

the exhaust. Then operating the valves in the reverse of the previous order closed the 

bubbler. Hydrogen sulfide was turned off and nitrogen flows in all other lines were 

reduced to a minimum. The heaters in all lines were turned off and the bubbler and 

reactor were allowed to cool.

W hen the glass in the reactor had cooled sufficiently to allow handling, it was removed 

from the reactor. A visual inspection was carried out and the film  tested for adhesion. 

The film was cut into smaller pieces for various analyses to be carried out and stored in 

sample tubes or small bags.
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2.1.3 Modification of the rig to allow aerosol delivery

The bubbler m ethod o f  delivery is only suitable for precursors that are reasonably 

volatile at tem peratures below 200 °C. Also, the precursors m ust not decompose in the 

bubbler, as the decom position products are invariably involatile. Some precursors such 

as the hom oleptic thiolates fall into this category -  decom position occurs at lower 

tem peratures than boiling. In the case o f  these m aterials an alternative m ethod o f 

delivery is required. The solution used in this thesis was aerosol delivery. The way in 

which this works is described in section 1.4.1.1.

The section o f  the rig where the two precursors m eet is easily rem oved for cleaning. 

This was rem oved and replaced with a section o f stainless steel, to which a round- 

bottom ed flask could be attached. The pipes to and from the flask were flexible PTFE. 

Tlie bottom  o f  the flask was m odified by the glass-blowers so the glass was thinner. 

This was because ultrasonic waves would not pass through glass o f  normal thickness. A 

clamp stand held the flask in place above a PIFCO HEA LTH  Ultrasonic Hum idifier 

product no. 1077. This setup is shown in Figure 2.3.

Hydrogen sulfide

Exhaust Coater Nitrogen
i

Humidifier

y  Solution of precursor 

Distilled water

Piezo-electric component
Figure 2.3 Modification of rig for aerosol delivery of air sensitive precursors.

A minimal flow o f  nitrogen was admitted to the hydrogen sulfide/nitrogen line. The 

reactor was heated as norm al, but the nitrogen line was not. A small amount o f  the 

precursor {ca. 0.1 g) was dissolved in a suitable solvent {ca. 50 cm^). Wlien the reactor 

had reached the required tem perature, the solution was poured into the round-bottomed 

flask and the top replaced. Tliis was not done sooner, as passing nitrogen tlirough the 

solvent caused it to evaporate. Hydrogen sulfide was introduced to the system at this
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time and the humidifier turned on. The total gas flow through the round-bottomed flask 

was ca. 1-2 dm ^m in'\ Adjustments were made to the position of the humidifier and 

flask to achieve the maximum aerosol activity. The reaction was run until there was no 

more misting as the solution ran out. Hydrogen sulfide was stopped and the reactor 

cooled with a minimal flow of nitrogen.

Air-sensitive materials could not be used in this way. A specially designed piece of 

glassware was made for admitting any compound which could not be exposed to air for 

short periods of time. This comprised a round bottomed flask with a side-arm allowing 

it to be attached to a Schlenk line, and a system of three taps which allowed nitrogen to 

pass through the solution, or to bypass the flask. The tap setup was modelled on the 

system used with bubblers. The precursor was put into the flask in a glove box. The 

solvent was added using Schlenk techniques, and the taps were then closed, isolating the 

solution. This was attached to the rig with PTFE tubing as described above. Reactions 

were carried out without heating nitrogen in the lines, and timing of the reactions was 

from the start of mist formation to the expenditure of all the solution.

2.2 X-ray diffraction

Glancing angle X-ray diffraction was carried out on a Philips XPert 0-20 diffractometer. 

Cu K a  radiation was used in the reflection mode with PC-APD version 4.0b software. 

The angle of incidence in the diffractometer was 1.5 °. M ost spectra were recorded 

from 14 to 70 ° as this covered all the major peaks for tin sulfides and tin oxides. Some 

spectra were recorded by transmission on a Siemens D5O00 diffractometer using 

monochromatic Cu K^i radiation. Samples on glass could not be recorded in this way 

and this was only used for pyrolysis products and residues from Thermal Gravimetric 

Analysis and Differential Scanning Calorimetry. Reference spectra of tin sulfides and 

oxides are given in Figures 2.4 and 2.5.
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Figure 2.4 X-ray diffraction stick patterns of tin sulfides. (SnS^^ -  top; 8 0 2 8 3 *'̂  -  middle;
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Figure 2.5 X-ray diffraction stick patterns o f tin oxides. (8 nO*  ̂ -  top; 8 0 3 0 /^  -  middle; 

8 n0 2 ^̂  -  bottom)
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2.3 Raman microscopy

Four spectrometers were used during the course of this project. The details of these are 

given in Table 2.1. All spectra were calibrated against neon emission lines.

Table 2.1 Raman microscopes used in this thesis.

Spectrometer Microscope Excitation line Wavelength

Dilor Infinity with a 

notch filter and a CCD 

detector

Olympus HeNe 632.8 nm

Dilor XY triple grating Olympus BH-2 Coherent Innova 300 Kr^ 

laser

647.1 nm

Renishaw Raman System 

1000

Olympus BH-2 HeNe 632.8 nm

Renishaw Raman System 

1000

Lecia HeNe 632.8 nm

Reference spectra of tin su fides and oxides are given in Figures 2.6 and 2.7.
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Figure 2.6 Raman spectra of tin sulfides. (SnS'*  ̂-  left; SuzS./*  ̂-  right)
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2.4 Energy dispersive analysis by X-rays

ED AX was used to determine the tin;sulfur ratio in the films. Analysis was carried out 

on a Hitachi S570 Filament Scanning Electron Microscope with a beryllium window. 

The beryllium window is to protect the detector from certain X-rays, and prohibits 

detection of elements lighter than sodium. Oxygen and carbon, therefore, are not 

observed. All elements are standardised relative to cobalt. Data are quantified using an 

Oxford Instruments AM 10, 000 software package. The excitation voltage used was 20 

kV. Escape depth is determined by density of material and excitation voltage. In the 

case of tin sulfide films, tin(II) sulfide and tin(IV) sulfide have respective densities of 

5.2 and 4.5 g.cm'^ and glass has a density within the range 2.1-2.3. Tin sulfides would 

have an escape depth of ca. 2 pm while glass would have an escape depth of ca. 5 pm. 

Film thicknesses within this thesis are calculated by comparing tin and sulfur counts 

with those observed in a film where tin and sulfur were the only components. This film 

was taken as being 2 pm thick.
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For the thinner films, much of the excitation volume was made up of the underlying 

glass substrate. This leads to larger errors in the quantification of atomic ratios 

(normally ~1 %). In addition, in the case of the tin oxide/silica undercoated glass, the 

glass interfered with the signal, leading to erroneous results. A further problem is the 

presence of calcium in the glass. The calcium K a  line coincides with the tin L ai line 

used for quantification. This leads to an enhanced tin concentration. Very few of the 

films were sufficiently thick for the underlying glass not to be observed.

2.5 Scanning electron microscopy

SEM was carried out on the same instrument as the ED AX analysis - a Hitachi S570 

Filam ent Scanning Electron Microscope. M agnification ranged from x 1, 000 to 

X 30, 000.

2.6 X-ray photoelectron spectroscopy

XPS is used as an analytical technique for two purposes. Primarily it is used to 

determine the elemental composition of a sample, but it may also be used to indicate the 

oxidation state and local environment of atoms. Spectra were recorded using a VG 

ESCALAB 2201 XL instrument with monochromatic A1 radiation. Depth profiling 

was carried out using an Ar"̂  ion gun. All spectra were calibrated relative to a graphitic 

carbon peak at 284.5 eV. Table 2.1 lists binding energies for various oxidation states 

and local environments. The X-ray lines investigated are C Is, O Is, S 2p and Sn 3ds/2.

Tin binding energies are observed at 884 (3si/2), 757 (3pi/2), 715 (3p3/2), 494 (3d3/2), 486 

(3d5/2), 137 (42i/2), 91 (4p) and 24 eV (4d). Sulfur lines are seen at 226 (2si/2), 163 

(2pi/2), 162 (2p3/2), and 14 eV (3s 1/2). Oxygen lines are seen at 531 (ls i/2) and 24 eV 

(2s 1/2).

A major problem with using XPS as a tool for determining the elemental composition of

a sample is that atoms are not sputtered away at the same rate. The surface is
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heavily contaminated with oxygen and carbon adsorbed from the atmosphere, so 

etching with Ar^ ions is essential. However, lighter elements are more easily removed.

leading to a surface richer in heavy metal ions. 99

Table 2.2 Com m on carbon, oxygen, sulfur and tin lines observed in XPS.

Element Oxidation state Compound Binding energy (eV) reference

C Graphite 284.3 90

O -2 Sn02 530.6 91

o -2 H 2O 533.1 92

s Sulfur 164.25 93

s -2 ZnS 161.7 94

s -2 H 2S 170.44 95

Sn Tin 484.92 96

Sn +2 SnS 485.4 97

Sn +2 SnO 487.1 98

Sn 4-4 Sn02 486.9 98

2.7 Transmittance/reflectance spectroscopy

This was carried out to determine the optical properties of the coatings, in particular to 

investigate their suitability as heat mirrors. M easurements were carried out on a 

com puter controlled, purpose built spectrometer. The light source was a Xenon bulb. 

Light transmitted through the sample, or reflected off the surface of the sample at 5°, is 

transmitted along a fibre optic cable. The fibre optic cable receives light across a 

circular cross-section, and converts this to a linear beam at the detector. Two detectors 

were used sequentially. These were Monolithic M iniature Spectrometers, M M Sl and 

MMS NIR supplied by Zeiss. MMS 1 contained 256 diodes that detected in the range 

360-900 nm, with a spectral resolution of ca. 3.3 nm  at each diode. The MMS NIR 

detector contained 128 InGaAs diodes capable of detecting in the range 900-1700 nm, 

each diode having a spectral resolution of ca. 6 nm. M easurements were averaged over 

100 readings in order to minimise noise.
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2.8 Scotch tape test

This is the standard test carried out to determine the adhesion of thin films to substrates. 

A cross of Scotch tape is place on the films, sticky side down. This is then peeled off 

and inspected. If any of the film is removed onto the Scotch tape, then the sample has 

failed. In the case of tin sulfide films, no material appears on the tape, although the film 

is easily removed by wiping. This is due to the structure of the material. The weak van 

der Waals bonds between the layers break easily, removing some of the film to the tape, 

but this is such a small amount -  possible only a few atomic layers thick -  that there 

appears to be nothing on the tape and the entire film remains on the glass. This is the 

case for all phases of tin sulfide, so the test was only carried out on the first few films 

produced. Later films were tested for adhesion by wiping with a paper towel.

2.9 Band gaps

UV-visible absorption spectra were recorded on a Shimadzu double beam instrument in 

the range 200-1100 nm. Uncoated glass was used as the reference. Band gaps were 

calculated using the direct method.
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Chapter 3 
Tin sulfide films 

from the reaction of 
tin tetrahalides with 

hydrogen sulfide
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Transition and p-block metal halides are often used as CVD precursors because of their 

high volatility and r e a c t iv i ty T e t r a h a l id e s  of tin are no exception. Tin tetrachloride 

is used to deposit tin oxide films in the commercial coating of glass.

In this chapter, tin tetrahalides are used with hydrogen sulfide gas in order to deposit tin 

sulfide films. The aim is to determine how different parameters affect the nature of the 

film deposited. Reactions were carried out varying a number of parameters, and results 

are reported discussing each parameter in turn.

Firstly, deposition temperatures will be discussed, and how variation of these leads to 

different compositions of the final film. Secondly, variation of hydrogen sulfide flow 

rate during reaction will be discussed. The third parameter to be varied in this chapter 

was the volatile tin precursor used. Finally, any alterations in properties of the film due 

to the substrate onto which the film was deposited will be discussed. Conditions will be 

compared in order to determine which variables have the greatest effect on the resultant 

film.

3.1 Precursors used

The precursors used in this section were tin tetrachloride and tin tetrabromide. Tin 

tetrachloride is a liquid at room temperature and boils at 114 °C. It is highly air and 

moisture sensitive, and is packaged in Aldrich SureSeal bottles. It must be loaded into 

the bubbler via the use of a syringe. The vapour pressure curve is given in Figure 3.1.^^ 

This shows that vapour pressures of almost 200 torr (25 kPa) may be achieved at 

temperatures as low as 70 °C.

Tin tetrabromide is a solid at room temperature with a melting point of 34 °C and a 

boiling point of 202 °C. This is packaged under nitrogen and loaded into the bubbler in 

a glove box. The vapour pressure V5. temperature curve for tin tetrabromide is also 

shown in Figure 3.1 and it is seen that 150 °C gives approximately the same vapour 

pressure above SnBr4 as 70 °C does above SnCU.

74



700

600

t  500

<0 400  SnCI4
 SnBr4

O 300

200

100

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220

Tem perature / degrees

Figure 3.1 Plot showing how the vapour pressures o f tin tetrachloride (red) and tin

tetrabrom ide (blue) vary with temperature.

3.2 Reactions carried out

For each precursor, an extensive series of reactions was carried out. Tin tetrachloride 

reactions were carried out with a coater temperature between 300 and 550 °C at 

intervals of 25 degrees. The bubbler temperature was approximately 70 °C for all 

reactions. Reactions were carried out over a 30 s period. The hydrogen sulfide flow for 

each reaction was 0.3 or 0.6 dm^min'^ and nitrogen diluting this was adjusted to 

maintain a total flow in this line of 1.8 dm ^m in'\ The nitrogen flow through the 

bubbler was set to 0.4 dm^min'^ and was further diluted by a main flow of 10 dm^min'\ 

The plain nitrogen line, which passed straight to the exhaust during reaction, carried a 

flow of 10 dm^min'V Films were deposited on carbon-doped silica coated glass. Full 

details of reaction conditions are summarised in Table 3.1.

For tin tetrabromide, reactions were carried out with a substrate temperature between 

200 and 600 °C at intervals of 50 degrees. Reactions were also carried out at 525 °C, as 

this temperature had proved to be interesting in the case of the tin tetrachloride / 

hydrogen sulfide system. The bubbler temperature was set to approximately 150 °C for 

all reactions. Depositions were carried out over 30 s. The hydrogen sulfide flow was
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set to 0.6, 1.2 or 1.8 dm min' and the nitrogen diluting this was adjusted to maintain a 

total flow of 1.8 dm^min’’ in this line. The nitrogen flow through the bubbler was 

0.4 dm^min'^ and was further diluted by a flow of 10 dm ^m in '\ The plain line, which 

passed straight to the exhaust, contained a 10 dm^min'^ flow of nitrogen. Films were 

deposited on tin oxide / silica coated glass. Full details of reaction conditions are 

summarised in Table 3.1.

Table 3.1 Sum m ary o f  reaction conditions for depositions from  tin tetrahalides with

hydrogen sulfide.

Reactions of tin 
tetrachloride

Reactions of tin 
tetrabromide

Precursor temperature 70 °C 150 °C
Nitrogen flow rate through 
bubbler line

0.4 dm^min'^ 0.4 dm^min'^

Nitrogen flow rate diluting line 
from  bubbler

10 dm^min'^ 10 dm^min^

FliS flow rate 0.3 or 0.6 dm^min'^ 0.6, 1.2 or 1.8 dm^min'^
Nitrogen flow rate diluting H 2S 1.5 or 1.2 dm^min'^ 1.2, 0.6 or 0 dm^min'^
Substrate Carbon-doped silica 

coated glass
Tin oxide / silica coated 
glass

Deposition time 30 s 30 s

The setting up and execution of each reaction is detailed in Section 2.1.2.

3.3 Effect of substrate temperature on film 

produced

3.3.1 Visual appearance of films

Films deposited exhibited different colours depending on deposition temperature 

regardless of which precursor was used. Films deposited at all temperatures up to and 

including 450 °C were yellow in colour. At very low temperatures {ca. 200 °C), the 

films had a brown tinge to them. The films deposited at 550 and 600 °C were silver. 

Film s deposited between 475 and 525 °C contained a mix of yellow and silver regions, 

some also including large areas of brown film. All films contained areas of yellow at
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the extremities. This was attributed to non-uniform temperatures across the substrate, 

probably due to heat losses from the edges of the reactor coater.

3.3.2 X-ray diffraction

Reference spectra of tin sulfides are available in Figure 2.4. Details of the 

diffractometer used are given in Section 2.2.

X-ray diffraction patterns of various films were recorded. The analysed area did not 

include the edges of the film which were characteristic of films deposited at a lower 

substrate temperature. Each film was found to contain a single phase. As the results 

were consistent regardless of precursor, and films deposited from tin tetrachloride were 

thicker than those deposited from tin tetrabromide, only the diffraction patterns of films 

deposited from tin tetrachloride are shown as figures in this section. Diffraction 

patterns of the films deposited from tin tetrachloride with a hydrogen sulfide flow of 0.3 

dm^min'^ at substrate temperatures of 300, 525 and 545 °C are shown in Figures 3.2, 3.3 

and 3.4 respectively.
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2 Theta / degrees

Figure 3.2 X-ray diffraction pattern of the film deposited from  tin tetrachloride at 300 °C, 

with a hydrogen sulfide flow rate o f 0.3 dm^min \
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It may be seen, by comparing these spectra with the reference spectra shown in Figure 

2.4, that the film deposited at 300 °C was tin(IV) sulfide, the film deposited at 525 °C 

was tin(II) tin(IV) trisulfide and the film deposited at 545 °C was tin(II) sulfide. Films 

deposited from the tetrabromide, or films deposited with different hydrogen sulfide 

flows gave diffraction patterns consistent with these observations, although different 

polytypes may be observed in some cases. This is discussed in later sections.

Lattice parameters were calculated using UnitCell. Table 3.2 gives the lattice 

parameters determined from the diffraction patterns shown in Figures 3.2, 3.3 and 3.4, 

along with the literature values. It can be seen from this that the lattice parameters 

match well enough to conclude that the films deposited at 300, 525 and 545 °C are 

SnS], SnzS] and SnS respectively.

1 2 0

1 3 0

2 1 1

2 Theta / degrees

Figure 3.3 X-ray diffraction pattern of the film deposited from tin tetrachloride at 525 °C,

with a hydrogen sulfide flow rate o f 0.3 dm^min \
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Figure 3.4 X-ray diffraction pattern of the film deposited from tin tetrachloride at 545 °C, 

with a hydrogen sulfide flow rate o f 0.3 dm^min \

Table 3.2 Comparison of lattice parameters of films deposited at 300, 525 and 545 °C from

tin tetrachloride with hydrogen sulfide with literature values.

Compound a b c Crystal system

Film deposited at 300 °C 3.642(7) 5.92(1) Hexagonal

Film deposited at 525 °C 8.83(1) 3.76(1) 14.03(1) Orthorhombic

Film deposited at 545 °C 11.20(1) 3.99(1) 4.32(1) Orthorhombic

Literature SnSi^^ 3.6472(8) 5.8990(5) Hexagonal

Literature 8.878(2) 3.751(1) 14.020(3) Orthorhombic

Literature SnŜ "̂ 11.180(6) 3.982(2) 4.329(3) Orthorhombic

3.3.3 Raman microscopy

The Raman microscopes used and the experimental setup are described in Section 2.3. 

Reference Raman spectra are given in Figure 2.6.
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Figure 3.5 Raman spectrum of the film deposited from  tin tetrachloride at 300 °C, with a

hydrogen sulfide flow rate of 0.3 dm^min \
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Figure 3.6 Raman spectrum of the film deposited from tin tetrachloride at 525 °C, with a

hydrogen sulfide flow rate of 0.3 dm^min \

As Raman is particularly sensitive to tin sulfides, it is possible to record a spectrum in a 

relatively short length of time. This allowed Raman microscopy to be carried out
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routinely on many samples. The spectra of films deposited at 300, 525 and 545 °C from 

tin tetrachloride with a 0.3 dm^min ' flow of hydrogen sulfide are given in Figures 3.5, 

3.6 and 3.7 respectively.
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Figure 3.7 Raman spectrum of the film deposited from tin tetrachloride at 545 °C, with a

hydrogen sulfide flow rate of 0.3 dm^min \

The positions of the bands are labeled. In this thesis, we have used Raman as a 

fingerprint technique alone, and this enables comparisons to be made with spectra in the 

literature recorded by other groups (shown in Figure 2.6). In doing this it is possible to 

say that the film deposited at 300 °C is tin(IV) sulfide, the film deposited at 525 °C is 

tin(II) tin(IV) trisulfide and that deposited at 545 °C is tin(II) sulfide.

3.3.4 Energy dispersive analysis by X-rays

ED AX was carried out on all films. As the films are very thin, some breakthrough to 

the underlying glass was observed. In the case of the films laid down on tin oxide / 

silica precoated glass, tin from the undercoating interfered with the results and an 

accurate tin:sulfur ratio could not be determined. This was the case for all coatings 

deposited from tin tetrabromide with hydrogen sulfide.



The elements observed in the glass were silicon, sodium, potassium, magnesium and 

aluminium. Oxygen is not observed by ED AX on the machine used.
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Figure 3.8 Graph showing how sulfur to tin ratio varies with substrate temperature for films 

deposited from tin tetrachloride with hydrogen sulfide at a 0.3 dm^min^ hydrogen sulfide flow.

Figure 3.8 shows a plot of substrate temperature V5. sulfur to tin ratio for films deposited 

from the reaction of tin tetrachloride with hydrogen sulfide deposited with a 0.3 

dm^min'^ hydrogen sulfide flow.

The error in EDAX measurements carried out with an accelerating voltage of 20 kV is 

approximately 1 % of the total volume observed. The error bars on Figure 3.8 are 

calculated in accordance with this. It can be seen that the error is larger for films 

deposited at lower substrate temperatures, and this is due simply to the films being 

thinner. The tin:sulfur ratio depends on substrate temperature, lower substrate 

temperatures giving rise to a 1:2 ratio of these elements and higher substrate 

temperatures giving ratios approaching 1:1.

Film thicknesses were also determined by EDAX. The film deposited at 300 °C from 

tin tetrachloride and hydrogen sulfide was found to be 0.9 p.m thick. The film deposited 

at 525 °C was 1.3 pm thick and that deposited at 545 °C was 0.8 pm thick.
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3.3.5 Scanning electron microscopy

SEM images of various films are given in Figure 3.9.
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Figure 3.9 SEM images of the film deposited from (a) SnCL at 300 °C, (b) SnBr4 at 400 °C, (c) 

SnCl4  at 525 °C, (d) SnCL, at 545 °C, (e) SnBr4 at 525 °C and (f and g) SnBr4 at 550 °C.

Figure 3.9a is the film deposited from tin tetrachloride at 300 °C, with a hydrogen 

sulfide flow rate of 0.3 dm^min"\ The irregular needle-like shapes are exhibited by all 

films deposited at temperatures up to and including 350 °C from either precursor. 

Figure 3.9b is an image of the film deposited from tin tetrabromide at 400 °C, with a 0.6 

dm^min'* hydrogen sulfide flow. This shows interlocking plates, which is the
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morphology of all films deposited at temperatures between 375 and 475 °C. Another 

observation made in this study was that particle size increases with deposition 

temperature.

The film deposited at 525 °C from tin tetrachloride with a hydrogen sulfide flow of 0.3 

dm^min'^ is shown in Figure 3.9c. This includes two different morphologies -  rounded 

ill-defined masses similar to those exhibited by the film  deposited at 545 °C depicted in 

Figure 3.9d and long needles. Although these areas were analysed separately by Raman 

and EDAX, no compositional differences were observed. Figures 3.9e and 3.9f show 

the images taken from films deposited at 525 and 550 °C respectively from tin 

tetrabromide with 1.2 dm^min'^ hydrogen sulfide flow rate. These are different from the 

films deposited from the tetrachloride in that the needles on top are less regular and the 

underlying forms are more regular. The overlying needles are seen in all films 

deposited at temperatures above 525 °C from the tetrabromide, whereas in the case of 

films deposited from the tetrachloride they are only seen at 525 °C.

Figure 3.9g shows a high magnification image of the film deposited from tin 

tetrabromide at 550 °C, with 1.2 dm^min'^ H 2S flow. This shows that the particles are 

made up of thin layers. Tin-sulfur double layers in SnS are ca. 1.1 nm thick and they 

could not be observed with the microscope used in this work.

3.3.6 X-ray photoelectron spectroscopy

XPS was only carried out on a few films. The full XPS of the film deposited at 545 °C 

from tin tetrachloride with hydrogen sulfide is shown in Figure 3.10. The surface of 

each film was highly contaminated with carbon and oxygen, so etching was essential. 

This led to alterations in the compositions of films as discussed in Section 2.6. As such, 

the elemental composition of the films determined by this technique cannot be relied on. 

The most important result obtained from XPS is the binding energy of the elements, 

which indicates the oxidation state and local environment.

The films deposited from the reactions of tin tetrachloride with hydrogen sulfide at 300, 

and 545 °C were analysed. Table 3.3 gives the binding energies of tin and sulfur in the
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films. Table 3.4 gives the elemental ratios of the bulk of the film. Etching times varied, 

and the ratios given here are those determined after the oxygen concentration ceased to 

drop.

Sn 3d 5/2

Sn 3d 3/2

ISn Auger lines Sn 3p 3/2
Sn3p 1/2

0  2s

S,2s

Sn 4sS n4 j

1000 800 600 200400 0
B in d in g  e n e r g y  /  eV

Figure 3.10 XPS of film deposited at 545 °C from  tin tetrachloride with hydrogen sulfide.

Table 3.3 XPS binding energies of tin and sulfur observed in films deposited from tin

tetrachloride with hydrogen sulfide.

Substrate Temperature Element Binding Energy / eV

300 Tin 3ds/2 48&4

Sulfur 2p 162.2

545 Tin 3d5/2 4 8 5 ^

Sulfur 2p 161.2

Tin binding energies have a relatively narrow range, going from 484.9 eV for elemental 

tin, to 488.2 for SnE* where tin is in the +4 oxidation state and bound to a highly 

electronegative atom. The binding energy of tin is reported as 485.4 eV in bulk tin(II) 

sulfide, and 486.4 -  486.6 eV in tin(IV) sulfide. The tin binding energies reported in 

Table 3.3 are consistent with the film deposited at 300 °C containing tin(IV) sulfide and 

the film deposited at 545 °C containing tin(II) sulfide. Sulfur has a range of binding 

energies from 161.7 for ZnS to 180.3 for Sp6. The sulfur binding energies displayed in 

Table 3.3 are all consistent with a metallic S^' environment, when compared with 

ZnS(161.7 eV), NiS (162.8eV) and WSz (162.8 eV).

85



Table 3.4 Atomic percentages of elements in films deposited from the reaction of tin

tetrachloride with hydrogen sulfide after etching.

Substrate

Tem perature

At. % tin At. % sulfur At. % oxygen At. % carbon

300 49 50 1 0

545 61 7 22 10

From Table 3.4, it can be seen that there is a sulfur deficiency in all films. Tliis is not 

due to a proportion o f  the tin being bound to oxygen in place o f  sulfur, as is the case on 

the surface, as the oxygen content is also very low. This sulfur deficiency is attributed 

to preferential sputtering o f  lighter elements by the ion gun.

3.3.7 Transmittance/reflectance spectroscopy
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Figure 3.11 Transmittance/Reflectance spectrum of the film deposited from tin tetrachloride 

with hydrogen sulfide at 300 °C.

Transm ittance/reflectance spectroscopy was carried out routinely on all samples. 

Figures 3.11, 3.12 and 3.13 give the transm ittance/reflectance spectra o f films deposited 

at 300, 525 and 545 °C respectively from the reaction o f  tin tetrachloride with hydrogen 

sulfide. For a perfect heat mirror, transm ission should be high in the visible region and 

reflection high in the infrared. None o f the spectra recorded for films deposited from
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these precursors exhibit ideal heat m irror properties. In addition, for a material to be 

com m ercially viable as a heat mirror, the colour should not be yellow, brown or grey for 

aesthetic reasons.
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Figure 3.12 Transmittance/Reflectance spectrum of the film deposited from tin tetrachloride 

with hydrogen sulfide at 525 °C.
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Figure 3.13 Transmittance/Reflectance spectrum of the film deposited from tin tetrachloride 

with hydrogen sulfide at 545 °C.
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3.3.8 Band gaps

Band gaps were recorded for a small number of films. It was found that the band gap of 

the film deposited from tin tetrachloride with hydrogen sulfide at 300 °C was 2.14 eV. 

This is comparable with the literature band gap of SnS], namely 2.2-2.3 The

band gap of the film deposited from tin tetrachloride and hydrogen sulfide at 545 °C 

was determined as 1.3 eV, which is exactly the same as that reported in the literature.^^

3.3.9 Discussion

Deposition temperature plays an important role in determining which phase of tin 

sulfide is deposited in the CVD reaction. The phase diagram of tin sulfide is given in 

Figure 1.1. Tliis shows that all three phases of tin sulfide are accessible at temperatures 

up to and including 760 °C. It is also seen that no change occurs to any phase below 

602 °C where aSnS changes to (3SnS. 8 0 2 8 3  and 8 n8 ] undergo no changes until 661 

and 680 °C respectively.
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Figure 3.14 Gibbs free energy of formation of tin sulfides per mole of tin as a function of 

temperature.



The Gibbs free energy of formation per mole of tin is plotted against temperature in 

Figure 3.14.

From Figure 3.14 it is clear that S11S2 is the most thermodynamically stable at all 

temperatures. As tin(II) sulfide and mixed valent species are deposited, it is clear that 

the other species in the reaction must be taken in to account. The reaction of tin 

tetrachloride with hydrogen sulfide to give tin(IV) sulfide is given in Equation 3.1. 

Reactions forming tin(II) involve reduction of tin from the +4 oxidation state, and so 

must also entail oxidation of either chlorine or sulfur. The possible reaction schemes 

are given in Equations 3.2 -  3.5. The Gibbs free energy of each of these reactions is 

plotted against temperature in Figure 3.15.

SnCU (g) +  2 H2 S(g) -> SnS2 (s) + 4 HCl(g) E quation  3.1

SnCU (g) + 1 % H2 S(g) ^  Va Sn2 S3 (s) + 3 HCl(g) +  % CI2 (g) E quation  3.2

SnCU (g) + H2 S(g) SnS(s) + 2 HCl(g) + CI2 (g) E quation  3.3

SnCU (g) + 2 H2 S(g) '/a Sn2Ss (s) + 4 HCl(g) + Va S(g) E quation  3.4

SnCU (g) + 2 H2 S(g) SnS(s) + 4 HCl(g) + S(g) E quation  3.5
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Figure 3.15 Gibbs free energy of reaction for reactions involving tin tetrachloride and 

hydrogen sulfide as detailed in Equations 3.1 to 3.5.

Figure 3.15 shows that it is more likely for sulfur to be reduced than chlorine as the 

reactions involving evolution of sulfur are exoergic and those involving evolution of
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chlorine tend to be endoergic. This is in accordance with the electron affinities of the 

two elements: E.A. of Cl = 348 kJ mol'^ ; E.A. of S = 200 kJ m o l '\  However, this is not 

the general trend seen in the reactions of tin tetrahalides with hydrogen sulfide. In this 

section, we have seen that tin disulfide is formed at lower temperatures and sulfides 

containing tin(II) atoms are only deposited at temperatures above 500 °C. This 

indicates that tin(IV) sulfide is the kinetic product of the reaction and tin(II) sulfide and 

tin(n) tin(IV) tri sulfide are only accessible at higher temperatures.

It is possible that the primary product of the reaction is SnSz and loss of sulfur is a 

second step to the process. To confirm this, samples of films deposited from the 

reaction of tin tetrabromide with hydrogen sulfide were heated under a nitrogen flow for 

20 minutes to see if there was any change in composition. The samples used were those 

deposited at 400 and 550 °C with a 0.6 dm^min'^ flow of hydrogen sulfide. The 

resulting films were only analysed by visual inspection of colour and Raman 

microscopy, and the results are given in Table 3.5.

Table 3.5 Results o f heating previously deposited tin sulfîde film s under a flow  o f nitrogen.

Original

film

400 °C 500 °C 550 °C 600 °C

SnSz No change No change SnS SnS

SnS No change No change No change

This shows that tin(II) sulfide is unchanged on heating and that tin(IV) sulfide is 

reduced to tin(II) sulfide at temperatures above 550 °C, presumably with the evolution 

of sulfur gas. An interesting observation is that the films deposited as tin disulfide and 

subsequently heated are not homogeneous as is the case with those initially deposited at 

higher temperatures. Also, heating previously deposited films in a flow of hydrogen 

sulfide tends to reduce them more easily -  the tin(IV) sulfide film, when heated to 

500 °C under a 0.4 dm^min'^ flow of hydrogen sulfide for 15 minutes, turned brown and 

exhibited a Raman spectrum consistent with it being the mixed valent sesquisulfide.

These results imply that the primary product of the reaction is a form of tin sulfide, 

which, at sufficiently higher temperatures, can undergo sulfur loss to leave tin 

monosulfide or ditin trisulfide. On cooling to room temperature, this form of tin sulfide
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results in crystalline tin disulfide, which is not as reactive as the initially formed high 

temperature intermediate, and as such is not as readily reduced with the loss of sulfur.

3.4 Effect of hydrogen sulfide flow rate

3.4.1 Visual appearance of films

For the reactions of tin tetrachloride with hydrogen sulfide, two different flow rates of 

hydrogen sulfide were used -  0.3 and 0.6 dm ^m in'\ The films deposited with the lower 

flow were visibly thinner than those deposited with higher flow.

In the case of the reactions of tin tetrabromide with hydrogen sulfide, flow rates of 0.6,

1.2 and 1.8 dm^min'^ were investigated. A small number of films were deposited with 

lower flow rates, but the coating was extremely thin over the 30 s reaction time and this 

made films harder to analyse. It was observed that, in most cases, hydrogen sulfide 

flow rate led to no difference other than the visual appearance of the films. However, at 

temperatures around 500 °C, where a change of phase of deposited film is observed, the 

colours of the films were not always the same if different hydrogen sulfide flow rates 

were used. Table 3.6 describes the colours of films deposited from tin tetrabromide 

with varying flow of hydrogen sulfide at these critical temperatures.

Table 3.6 Colour of fîlms deposited from tin tetrabromide with hydrogen sulfide with

varying hydrogen sulfîde flow rates.

Temp \ H 2S flow rate 0 . 6  dm^ min’^ 1 . 2  dm^ min'^ 1 . 8  dm^ min'^

450 Yellow Yellow Yellow

500 Brown Grey and Brown Silver and Brown (2:3)

525 Silver Silver Silver

550 Silver Grey Grey
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3.4.2 Raman microscopy

Raman spectra were recorded from films deposited from tin tetrabromide and hydrogen 

sulfide at 500 °C with different hydrogen sulfide flow rates. It was seen that when the 

hydrogen sulfide flow rate was 0 . 6  dm^min'^ the film  comprised mainly tin 

sesquisulfide. At higher hydrogen sulfide flow rates of 1.2 and 1.8 dm^min'^ tin 

monosulfide was the main phase formed.

3.4.3 Discussion

The results reported in this section are in agreement with those reported in Section 3.3.9 

regarding the heating of films deposited previously. It appears that, whether during 

deposition or during subsequent heating of films, higher hydrogen sulfide flow rates 

afford a more facile route to the reduction of tin atoms. This implies that hydrogen 

sulfide is involved in the mechanism of sulfur loss. Therefore, it is possible that the 

sulfur species that results from this decomposition is not sulfur gas, but a polyanionic 

species such as H 2S2 . Equation 3.6 gives a possible example of this reaction.

SnS2 + H 2S -> SnS + H 2S2 Equation 3.6

This is unlikely, as the overall process

SnCl4 + 3 H 2S ^  SnS2 + 4HC1 + H 2S ^  SnS + 4HC1 + H 2S2 

is less favourable than

SnCl4 + 2 H 2S SnS2 + 4HC1 -> SnS + 4HC1 + S 

from both enthalpy and entropy considerations.

3.5 Effect of precursor on films produced

In general, little difference was observed in the films deposited from the two different 

precursors, tin tetrachloride and tin tetrabromide. It should be made clear again here 

that the substrates films were deposited onto were different for the reactions of tin
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tetrachloride and tin tetrabromide. Films deposited from tin tetrachloride were 

deposited onto glass with a pre-coating of carbon-doped silica, whereas the substrate 

used in reactions involving tin tetrabromide was glass with two coatings -  tin oxide first 

and silica on top. A difference in morphology was observed between films deposited 

from the different precursors, but this was attributed to the substrate and will be 

discussed in Section 3.6.

3.5.1 Visual appearance of the films

Films deposited under the same conditions from the two different precursors showed the 

same colours. The most significant difference in the appearance was that films 

deposited from tin tetrabromide with hydrogen sulfide were visibly thinner than those 

deposited from tin tetrachloride. Yellow films could appear orange when deposited 

from the tetrachloride due to thickness. Silver films deposited from the tetrabromide 

were almost invisible in some cases.

3.5.2 X-ray diffraction

X-ray diffraction patterns of films deposited at the same temperature appeared to be 

different. Some peaks that are evident in films produced from the tetrachloride do not

appear in the X-ray diffraction patterns of films deposited from the tetrabromide.

Relative intensities also vary depending on the film. Figure 3.16 shows the diffraction 

patterns of films deposited from tin tetrabromide with hydrogen sulfide at 450, 500 and 

600 °C. If these are compared with Figures 3.2, 3.3 and 3.4, which show the diffraction 

patterns of films deposited from tin tetrachloride at 300, 525 and 545 °C, it is seen that 

the films are similar. Indexing the films gives the same lattice parameters, as seen in 

Table 3.7. It is impossible to calculate lattice parameters for the film deposited at 600 

°C from tin tetrabromide with hydrogen sulfide, as only three peaks are evident. 

Changes in relative intensities could be due to deposition of different polytypes, or 

preferred orientation on the different types of glass.
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Figure 3.16 X-ray diffraction patterns of films deposited from tin tetrabromide with hydrogen 

sulfide at (a) 450 °C, (h) 500 °C and (c) 600 “C.

Table 3.8 Comparison of the calculated lattice parameters of films deposited from tin

tetrachloride and films deposited from tin tetrabromide with existing literature values.

Film/reference a-parameter b-parameter c-parameter

Film from SnCU at 300 °C 3.642(7) 5.92(1)

Film from SnBr4 at 400 °C 3.638(5) 5.93(3)

Literature SnS2 '̂̂ 3.6472(8) 5.8990(5)

Film from SnCU at 525 °C 8.83(1) 3.76(1) 14.03(1)

Film from SnBr4 at 500 °C 8.85(1) 3.767(6) 13.99(1)

Literature SniSg^^ 8.878(2) 3.751(1) 14.020(3)

Film from SnCU at 545 °C 1 1 .2 0 ( 1 ) 3.99(1) 4.32(1)

Literature SnS '̂^ 11.180(6) 3.982(2) 4.329(3)
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3.5.3 Raman microscopy

Tlie Raman spectra of films deposited from tin tetrachloride with hydrogen sulfide are 

shown in Figures 3.5, 3.6 and 3.7. Spectra collected from films deposited from the 

reactions of tin tetrabromide with hydrogen sulfide are given in Figure 3.17. It is clear 

from these that reactions at the same temperature from the two different precursors yield 

the same product.

M
C
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Wavenumber I cm-1

Figure 3.17 Raman spectra of films deposited from tin tetrabromide with hydrogen sulfide at 

(a) 300 °C, (b) 525 °C and (c) 545 °C.

3.5.4 Energy dispersive analysis by X-rays

This technique would be useful to quantify the difference in thickness observed visually 

between films deposited from the two different precursors. However, since films 

deposited from reactions of tin tetrabromide with hydrogen sulfide were deposited onto 

substrates containing tin, results from this analysis method can tell us only that the films 

ccntain sulfur. It would be possible to compare sulfur content of the films, but the error 

in EDAX is ca. 1 % at accelerating voltages of 20 kV and sulfur comprises 2 % of the 

ej citation volume of some films deposited from the tetrabromide.
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Film thicknesses were also determined from EDAX measurements. As reported in 

Section 3.3.4, the film deposited from tin tetrachloride and hydrogen sulfide were found 

to be 0.9 pm thick at a deposition temperature of 300 °C, 1.3 pm at a deposition 

temperature of 525 °C and 0.8 pm thick at a deposition temperature of 545 °C. For film 

deposited from tin tetrabromide with hydrogen sulfide, thicknesses o ï ca. 0 .1  pm were 

recorded for films deposited at 400 and 525 °C, while a film 0.5 pm thick was formed at 

550 “C. This quantitatively shows that which was observed in the visual appearance - 

that films deposited from the tetrabromide are thinner than those deposited from the 

tetrachloride under equivalent conditions.

3.5.5 Transmittance/reflectance spectroscopy

It was clear from transmittance/reflectance spectroscopy that the tetrabromide led to 

deposition of thinner films, even though the deposition temperature, H2S flow rate and 

vapour pressure in the bubbler were all identical. This is shown in Figure 3.18, which 

gives the transmittance and reflectance spectra for two films deposited at 400 °C from 

the reactions of the two precursors.
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Figure 3.18 Transmittance(rcd or purplc)/Reflectance(blue or grey) spectra of films deposited

from (a) tin tetrachloride and (b) tin tetrabromide at 400 °C.
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Transmittance is much higher for films deposited from the tetrabromide. This is 

because the films are much thinner. Reflectance is also higher in the film deposited 

from the tetrabromide. This suggests that the reflectance measured is that from the 

glass substrate. It is higher in the case of the film deposited from tin tetrabromide, 

because the thinner film permits more transmittance.

3.5.6 Discussion

The difference in volatility of the precursors should not have had any effect on films 

deposited, as bubbler temperatures were adjusted to suit. Figure 3.1 shows the vapour 

pressure curve for the tin tetrahalides. This shows that a bubbler temperature of 70 °C 

for tin tetrachloride, which gives rise to a vapour pressure of 200 torr (25 kPa), is 

equivalent to a bubbler temperature of 150 °C for tin tetrabromide. Given that the 

vapour pressure above the precursors, the flow of nitrogen through the bubblers and the 

time allowed for reaction were all the same, the amount of precursor reaching the 

substrate in all reactions would be the same.

The strengths of tin-chlorine and tin-bromine bonds in diatomic molecules have 

previously been measured. These were determined spectroscopically from the hot gases 

effusing from a Knudsen cell.^^^ A tin-bromine bond has a strength of 47 +/- 23 kcal 

mol^ and a tin-chloride bond has a strength of 75 kcal mol'^ This would tend to 

indicate that tin tetrabromide would be the more reactive species as its bonds are 

weaker. Also supporting this are the relative heats of formation of tin tetrabromide and 

tin tetrachloride - A H / (SnCU) = 545.2 kJ m o l '\  A H / (SnBr4) = 406.3 kJ m o l'\

The driving force making the reaction of tin tetrachloride more vigorous than that of tin 

tetrabromide is the energy released in the formation of the hydrogen halide. The heats 

of formation of the two species are A H / (HCl) = -92.3 kJ mol'^ and A H / (HBr) = 

-36.3 kJ m o l '\  The entropy of hydrogen bromide is slightly higher than that of 

hydrogen chloride, but, with such a vast difference in enthalpy of formation, this is 

negligible. At all temperatures the release of energy form ing HCl is much higher, and 

this reaction proceeds faster. Figure 3.19 shows the overall energy of reaction for 

Reactions 3.1 and 3.7 as a function of temperature.
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SnCU + 2 HzS -> SnS] + 4 HCl 

SnBr4 + 2 H2S -> SnS] + 4 HBr

E quation  3.1 

E q u ation  3 .7
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Figure 3.19 Gibbs free energy of reaction for reactions of tin tetrahalides with hydrogen

sulfide to form tin disulfide.

Figure 3.19 shows that the reaction of tin tetrabromide with hydrogen sulfide is 

endoergic at all temperatures. Reactions involving the reduction of tin(IV) to tin(II) 

accompanied by the evolution of sulfur gas are exoergic overall, but if  the first step 

involves the formation of a tin(IV) sulfide species, as discussed in Section 3.3.9, the 

overall process would not occur. Nor would tin(IV) sulfide be deposited as the final 

film in any reaction.

In the case of films deposited from tin tetrabromide, the thermodynamics of the reaction 

suggest that it would not occur. The equilibrium position of Reaction 3.7 and other 

related reactions of tin tetrabromide would be close to the reactants. However, the high 

rate of flux of reactants to the surface, the ease of transport of by-products away from 

the surface and the fact that one product is a solid all contribute to the reaction 

occurring.
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3.6 Effect of substrate on films deposited

3.6.1 Scanning electron microscopy

Scanning electron microscopy was carried out on all the films deposited. It was 

observed that films deposited at temperatures up to and including 475 °C gave similar 

morphologies irrespective of the substrate or precursor. The main difference was 

observed when tin(II) sulfide films were deposited at temperatures of 500 °C and above. 

This was seen in Figure 3.9 by comparing 3.9c and 3.9d deposited from the 

tetrachloride with 3.9e and 3.9f deposited from the tetrabromide. Figures 3.9c and 3.9d 

showed wavy ill-defined shapes on the surface of the glass, with long, straight, discreet 

needles covering them in 3.9c (deposited at 525 °C). These needles were not observed 

on any other film deposited from the chloride. In the case of the films deposited from 

the bromide, the shape of the particles on the surface of the glass was more regular. 

They had straight edges and were uniform in size. The long needles on the surface of 

the film were formed into clusters and were seen on all films deposited at 500 °C and 

above.

3.6.2 Discussion

The shape and size of the particles formed on the surface of the glass is likely to differ 

according to the nucléation and growth mechanisms dictated by the surface. The 

needles are probably formed from gas phase reactions, so are not related to the 

substrate. The coverage of particles on the surface of the carbon-doped silica coated 

glass is greater than that on the tin oxide / silica coated glass. As temperature increases 

on the carbon-doped silica coated glass the coverage is greater, so less reaction occurs 

in the gas phase and fewer needle-like particles are formed. On the tin oxide / silica 

coated glass the coverage is low, so the proportion of material formed into needles is 

greater. The higher number means that, statistically speaking, they are more likely to 

form into clusters.
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3.7 Discussion and conclusions

In summary, films may be deposited from the reaction of tin tetrahalides with hydrogen 

sulfide by atmospheric pressure chemical vapour deposition. Films deposited contain 

very little impurity, most of which is in the form of surface adsorbed oxygen and carbon 

species. All three phases of tin sulfide may be deposited.

The factors that control the properties of film are the deposition temperature, precursor, 

hydrogen sulfide flow rate and the substrate.

Deposition temperature is the variable that has the greatest influence over the phase of 

tin sulfide deposited. It was observed that, in all cases, films deposited at temperatures 

up to and including 450 °C were tin(IV) sulfide. Raman spectra. X-ray diffraction 

patterns, unit cell parameters, band gaps and colours of the films all agreed that this was 

the case. Binding energies in XPS and elemental compositions recorded via ED AX 

were also used to confirm this.

Films deposited at temperatures of 550 °C and above, were found to be predominantly 

tin(n) sulfide. Again, all the analytical techniques carried out confirmed this. Edges of 

the films deposited were yellow in colour, and exhibited properties of tin(IV) sulfide. 

This was attributed to heat losses at the edge of the graphite block in the reactor.

Intermediate temperatures led to the deposition of films of tin(II) tin(IV) trisulfide. In 

some cases, there was a mixture of phases in the film deposited.

The reason why different phases are deposited at different temperatures stems from the 

thermodynamics of the system. Although tin disulfide is the most thermodynamically 

stable phase at all temperatures, the evolution of a gas increases the entropy of the 

system and permits the reduction to tin(II). Figure 3.15 shows that sulfur gas is more 

likely to be lost than chlorine or bromine gas. This is due to the higher enthalpy of 

formation of sulfur gas, and the higher electron affinity of the halogens, which make 

them more stable in the - 1  oxidation state.
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Heating films of tin(IV) sulfide in streams of nitrogen cause them to be reduced to 

tin(II) sulfide at temperatures of 500 °C and above. This concurs with the 

themiodynamic observations already made. Visual observations made of the films 

indicate that films deposited at higher initial temperatures are of a single phase, whereas 

those deposited at the lower temperature and heated are more likely to be 

inhomogeneous. This may be due to a high temperature intennediate that is more active 

than SnSz. This would have a different mechanism of reduction and possibly a lower 

energy pathway to tin(II) sulfide and sulfur gas. A more likely explanation is that the 

structure of tin(IV) sulfide inhibits the loss of sulfur to tin(II) sulfide. This is shown 

schematically in Figure 3.20.

Figure 3.20 Schematic representation of sulfur loss from tin(lV) sulfîde.

Figure 3.20 shows that as sulfur is lost from between the layers, the layers close up 

which would impede further sulfur loss. If tin(IV) is reduced to tin(II) during the CVD 

process, this circumstance does not arise as the film is deposited as tin(II) sulfide.

The second factor that alters the properties of the film is the precursor. Films deposited 

from tin tetrabromide were thinner than those deposited from tin tetrachloride under 

comparable conditions. This was demonstrated using transmittance/reflectance spectra.

Tin tetrachloride and tin tetrabromide are similar in many ways. The vapour pressure of 

each was constant throughout the entire study and the flow rates through the bubbler 

were constant. The strength of tin-bromine bonds is less than that of tin-chlorine bonds, 

so tin tetrabromide would be more reactive. The reason why the tetrachloride reacts 

more actively is that the energy released on formation of hydrogen chloride is greater 

than that released on formation of the corresponding bromide.

Hydrogen sulfide flow rate into the reaction chamber plays an important part in the 

formation of the films. Higher hydrogen sulfide flows lead to thicker films. The tin 

tetrahalide is the limiting reactant in the system, so the hydrogen sulfide is playing a 

role in lowering the barrier to reaction. When tin(IV) sulfide films are deposited and
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subsequently heated to produce mixed valent or tin(II) sulfide, they are reduced more 

easily in the presence of hydrogen sulfide.

The substrate onto which the film is deposited has no effect on tin disulfide films, 

however, films of tin monosulfide exhibit different structures on the two substrates used 

in this study. Tin monosulfide forms particles of two different types -  long needles and 

flat particles on the surface of the glass. On tin oxide / silica coated glass the flat 

particles are less numerous indicating that nucléation on this substrate is harder than on 

carbon-doped silica coated glass. Particles deposited on each substrate are of similar 

size, but on carbon-doped silica coated glass, the irregular shape suggests that particles 

stop growing due to contact with adjacent particles. This implies that growth on this 

substrate is faster than on tin oxide / silica coated glass.

The needles also differ on the two substrates. As much of the film  is able to deposit as 

the ill-defined shapes on the carbon-doped silica coated glass there are very few needles 

covering them. At higher substrate temperatures the formation of the particles on the 

surface is facilitated so no needles are formed. On tin oxide / silica coated glass there 

are many more needle-like particles. As the number of needles increases the likelihood 

that they will form into clusters is increased.
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Chapter 4 
Tin sulfide films 

from the reaction of 
tributyl tin 

trifluoroacetate with 
hydrogen sulfide
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Tri(n-butyl) tin trifluoroacetate is a known precursor for CVD reactions. It is used to 

deposit tin oxide films/^^ which are used as heat mirrors. The presence of fluorine in 

the precursor leads to incorporation of a low level of fluorine in the film deposited. 

This level is sufficient to alter the heat mirror properties of the films, but cannot be 

detected by methods such as XPS.

In this chapter the use of tributyl tin trifluoroacetate to deposit tin sulfide films will be 

reported. Hydrogen sulfide gas is necessary, as the precursor does not contain sulfur. 

The aim is to deposit films of tin sulfide with fluorine doping, to investigate their heat 

mirror properties and compare them with those of pure tin sulfide films deposited by 

other means. W ithin detection limits, XPS will be used to examine fluorine content of 

the films.

4.1 The precursor

4.1.1 Previous work with this precursor

Tributyl tin trifluoroacetate has previously been prepared and used for chemical vapour 

deposition. It is used in the atmospheric pressure deposition of tin oxide and 

incorporates ca. 0.5 % fluorine in the resultant film. This enhances heat mirror 

properties of the film.

4.1.2 Preparation of the precursor

The precursor was prepared at The University of Bath by Dr. T. Hibbert using the 

previously published method of Tiekink.^^"^ Sodium trifluoroacetate, 3.83 g (28 mmol), 

was refluxed with tri-n-butyltin chloride, 9.14 g (28 mmol), in ethanol, 0.12 dm^ for 2 h. 

The solvent was removed in vacuo and the resulting solid recrystallised from diethyl 

ether. This yielded colourless crystals in 6 8  % yield. The melting point was determined 

as 49 - 50 °C.
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4.1.3 Analysis and physical properties of the precursor

The melting point of the precursor was determined as 49 - 50 °C, although Tiekink

determined it previously as 55 °C.

Differential scanning calorimetry was carried out on the precursor before using it in 

CVD reactions. A sharp endotherm was observed at 57 °C, which is consistent with 

being the melting point of the compound. A broad endotherm was observed with 

maximum at 174 °C, although the onset of change was as low as 120 °C. A second 

sharp endotherm at 208 °C is likely to be the vaporisation point of the compound. The 

DSC of tributyl tin trifluoroacetate is shown in Figure 4.1.
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It was found, through carrying out the CVD reaction, that the precursor sublimes at a 

temperature of approximately 150 °C. The precursor is a waxy solid initially, and 

sublimation yields 2  products -  around the top of the bubbler needle-like crystals were 

formed and in the bottom of the bubbler a dry, beige solid was found. The needles were 

wet looking and ca. 8  mm long. They formed into clusters. The beige powder was not 

at all similar in appearance to the starting material.

The colourless crystals, beige powder and starting material were all analysed by IR 

spectroscopy and powder X-ray diffraction to determine any similarities and differences 

between the three. Powder X-ray diffraction of the starting material showed that it was 

amorphous. The needle-like crystals deposited at the top of the bubbler were also 

amorphous, but the beige powder showed some crystallinity.

Infrared absorption spectra of the three phases showed very similar spectra. These are 

shown in Figure 4.2.

In all cases, four bands were observed at 2800 -  3000 cm'^ associated with C-H 

stretches. A broad band was observed at ca. 1700 cm ’’ that was sharper in the beige 

powder. This is probably due to the acetate functionality, although one would expect 

two bands associated with the symmetric and asymmetric stretching modes. A sharp 

band was seen at 1430 cm'^ in the starting material, and this moved to 1460 cm'^ in both 

the needle-like crystals and the beige powder. This would be due to C-H bending 

modes. Two weak absorptions were noticed at 1310 and 1350 c m '\  which were 

significantly stronger in the spectrum of the needle-like crystals. A broad band 

appeared at ca. 1200 cm'^ in all spectra. In the starting material and the beige powder 

other bands were observed at 830 (C-F stretching), 800 (C-F stretching), 720 (C-H 

bending), 600 and 500 c m '\  however many more bands were observed in the spectrum 

of the needle-like crystals (at least eleven were noted).

Heating probably induced the increase in crystallinity between the precursor and the 

beige powder found in the bottom of the bubbler. The only difference observed in the 

infrared absorption spectrum was a slight shift in the position of the carbonyl stretching 

mode. The needle-like crystals appeared wet, as though they were on the point of 

melting, or had absorbed moisture from the air. With this in mind, it appears that they 

may have melted on grinding, so giving no diffraction pattern.
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Figure 4.2 Infra-red absorption spectra of the precursor and products to which it 

decomposed in the bubbler, (a - before heating; b -  crystals around top of bubbler; c -  beige 

powder in bottom of bubbler)

Although the major bands observed in the infrared were essentially identical to those 

observed in the spectra of the precursor and beige powder, the existence of a large 

number of bands in the fingerprint region indicates a significant change in the material. 

In the needle-like crystals, the molecules are structurally identical, but may be locked
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into a configuration with a different symmetry from those in the precursor or beige 

powder, which are the same.

In the light of observations made after reactions had been carried out with a bubbler 

temperature of 150 °C, it is likely that the endotherm observed in the differential 

scanning calorimetry at 174 °C is due to an alteration in the structure of the compound. 

Two different products are formed, both with the same structural formula as the 

precursor. One sublimes to form needle-like crystals with a different symmetry within 

each molecule. The other compound, which is slightly discoloured, is more crystalline, 

and has a low vapour pressure (indicated by the fact that no further reactions could be 

carried out).

4.2 Reactions carried out

A large number of reactions were carried out using this precursor. Reactions were 

carried out with a coater temperature between 300 and 600 °C at intervals of 50 degrees. 

The bubbler temperature was ca. 120 - 130 °C for all reactions. A few reactions were 

carried out with a bubbler temperature of ca. 150 °C, but this caused the precursor to 

sublime, as discussed in Section 4.1.3. Reactions were carried out over a 15 min period, 

due to the limited volatility of the precursor at 120 -  130 °C. The hydrogen sulfide flow 

for each reaction was 0 . 6  dm^min'^ and the nitrogen diluting this flowed at

1.2 dm ^m in'\ The nitrogen flow through the bubbler was 0.4 dm^min^ and a 10 

dm^min'^ flow of nitrogen was used to dilute this. The plain nitrogen line, which passed 

straight to the exhaust during reaction, carried a flow of 10 dm ^m in '\ M ost films were 

deposited on tin oxide / silica precoated glass although those deposited initially with the 

higher bubbler temperature were laid down on carbon-doped silica coated glass. Full 

details of reaction conditions are summarised in Table 4.1.
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Table 4.1 Summary of reaction conditions for fîlms deposited from tin trifluoroacetate with

hydrogen sulfide.

Precursor temperature 130 or 150°C

Nitrogen flow rate through bubbler line 0.4 dm^min'^

Nitrogen flow rate diluting line from 

bubbler

1 0  dm^min'^

H 2S flow rate 0 . 6  dm^min'^

Nitrogen flow rate diluting H 2S 1 . 2  dm^min'^

Substrate Tin oxide / silica or carbon-doped silica 

coated glass

Deposition time 15 min

4.3 Results

4.3.1 Visual appearance of films

The reaction of tributyl tin trifluoroacetate with hydrogen sulfide carried out at 300 °C 

deposited no film. At all temperatures from 350 to 600 °C, a silver-grey film was 

deposited. The films were not as uniform as those deposited from the reactions of tin 

tetrahalides with hydrogen sulfide, although they were of similar thickness. There was 

no obvious cause for the non-uniformity of coverage. It was noticed that the films 

deposited with a higher bubbler temperature were thicker. This was due to the vapour 

pressure over the precursor being higher and more of the precursor being carried over to 

the substrate. These thicker films were deposited on carbon-doped silica coated glass, 

whereas all others were laid down on tin oxide / silica coated glass.

4.3.2 X-ray diffraction

As typical growth conditions produced thin films, only those deposited with the higher 

bubbler temperature gave an X-ray diffraction pattern. Figure 4.3 shows the X-ray
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diffraction pattern recorded of the film deposited from tributyl tin trifluoroacetate with a 

bubbler temperature of 150 °C and a coater temperature of 450 °C.

If the diffraction pattern shown in Figure 4.3 is compared with the reference spectrum 

of tin(II) sulfide shown in Figure 2.4 it is seen that they are identical. Table 4.2 gives 

the calculated cell parameters for the film deposited from ["Bu3Sn0 C(0 )CF3] along 

with literature parameters for tin monosulfide. The a-parameter is slightly longer and 

the c-parameter shorter than those reported previously. Overall, the unit cell is ca. 2 % 

smaller than that found in other works.
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Figure 4.3 X-ray diffraction pattern of the film deposited from  ["BusSnOClOiCFj] with H2S 

at 450 °C on carbon-doped silica coated glass with a bubbler temperature of 150 °C.

Table 4.2 

previously.

Comparison of cell parameters determined in this work with those reported

Parameter Calculated from Figure 4.3 Literature values^^

a 11.27(4) A 11.180(6) A

b 3.972(6) A 3.982(2) À

c 4.24(1) A 4.329(3) A

No peaks corresponding to any other phase of tin sulfide or tin oxide were observed in 

the X-ray diffraction pattern.

110



4.3.3 Raman microscopy

Raman spectra were recorded for all the films deposited and it was found that they 

exhibited the spectra of tin(II) sulfide for all deposition temperatures. The Raman 

spectra o f the films deposited at 400 °C for each o f the bubbler temperatures and 

substrates is shown in Figure 4.4. These are identical and show that there is no 

difference in altering the bubbler temperature or substrate other than an alteration in 

thickness.

Ic

250 300 3500 100 150 200 40050

Wavenumber I  cm-1

Figure 4.4 Raman spectra o f the two films deposited at 400 °C (a) with a bubbler 

temperature of 150 °C on carbon-doped silica coated glass and (b) with a bubbler temperature of 

130 °C on tin oxide / silica coated glass.

No evidence for other phases o f tin sulfide or oxide was observed by Raman 

microscopy.

4.3.4 X-ray photoelectron spectroscopy

XPS was carried out on the film deposited at 450 °C with a bubbler temperature of 

150 °C. It was observed that there was a high level o f oxygen contamination in the
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film. Sputtering was not carried out and only information on the surface of the film is 

reported here. Table 4.3 gives the binding energy of each element and composition of 

the film.

Table 4.3 Binding energies and composition of the film deposited from tributyl tin

trifluoroacetate at 450 °C, with a bubbler temperature of 150 °C on carbon-doped silica coated 

glass.

Element Binding Energy Composition after etching

Sn 3 ds/2 485.8 and 484.8 eV 3 8 %

S 2 p 161.1 eV 18%

0  Is 533.3 eV 4 0 %

C Is 284.5 eV 4 %

Two tin environments were observed. Tin(II) sulfide has a Sn 3 d5/2 binding energy of 

485.4 and tin(IV) sulfide is observed at ca. 486.4 -  486.6 eV, so the first of these peaks 

is indicative of tin(II) sulfide. Tin oxides have Sn 3 d5/2 binding energies of 487.1 and 

486.9 eV for tin in the +2 and +4 oxidation states respectively, so it is unlikely that the 

second environment observed is due to either of these. Tin metal has a binding energy 

of 484.9, so it is possible that this is observed.

Sulfur in the -2  oxidation state, when bound to a metal has a binding energy of I6 I.7  -  

162.8 eV. It is, therefore, likely that the binding energy observed in this case is due to 

sulfur in a metallic environment. The low sulfur to tin ratio is consistent with some of 

the tin being bound to oxygen.

The level of oxygen observed in this film is relatively high. This is possibly due to 

oxidation of the surface of the coating to form tin oxide. The binding energy of oxygen 

normally falls within the range 529 to 534 eV. Metal oxides have binding energies at 

the lower end of this range, typically O Is (CdO) = 529.2 eV; O Is (NiO) = 529.5 eV. 

The highest binding energy of a metal oxide is found at 531.0 and is observed in AI2O3 . 

Binding energies for oxygen higher than these are indicative of non-metallic 

environments. W ater has an O Is binding energy of 533.1 eV and Co(CO )6  has an O Is 

binding energy of 533.9 eV. Other tabulated data in this region include chlorate anions 

and alcohols. Considering this, it appears that the oxygen detected in this coating is due 

to water or reaction byproducts adsorbed onto the surface of the film.
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Fluorine was not observed in the XPS. In the region where fluorine would be expected 

there was no indication of a peak. This implies that less than 1 % is present in the film.

The carbon found in the films is usually a result of the vacuum pumps in the XPS 

chamber. It is graphitic in nature and used to calibrate the binding energies of other 

elements.

4.3.5 Energy dispersive analysis by X-rays

ED AX was carried out on all samples, although those deposited on tin oxide / silica 

coated glass have their elemental ratios distorted by the undercoatings on the glass. The 

films deposited on carbon-doped silica coated glass exhibit near 1 : 1  ratios of tin and 

sulfur. Table 4.4 shows the percentages of tin, sulfur and silicon in the films deposited.

Table 4.4 Composition of films deposited from [Bu3Sn0C(0)CF3] with a bubbler

temperature of 150 °C on carbon-doped silica coated glass.

Coater temperature At. % tin At. % sulfur At. % silicon

450 14.8 14 47.3

420 6 . 1 5.4 56

400 2.9 1.4 57.7

As seen in Table 4.4, decreasing bubbler temperature leads to lower tin and sulfur 

contents in the deposited films. This is not due to lower reactivity, but the sequence in 

which the films were deposited. The film deposited at 450 °C was produced first, 

followed by that at 420 °C, with that deposited at 400 °C coming last. As reported in 

section 4.1.3, the precursor was altered in the bubbler to give involatile products. As 

more reactions were carried out, the amount of precursor in the bubbler was being 

reduced dramatically because of this. In the case of films deposited with a precursor 

temperature of 130 °C, only a small change is observed in the sulfur content with 

increasing substrate temperature.

The ratio of tin to sulfur in films deposited from [Bu3Sn0 C(0 )C p3] with a bubbler 

temperature of 150 °C, is near 1:1, although there is a slight excess of tin in all films. 

This is due to there being calcium in the glass. An X-ray line for calcium exists very
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close to the tin line measured in ED AX, and elemental compositions of the two are 

distorted.

4.3.6 Scanning electron microscopy

SEM images were obtained from all samples. Figure 4.5 shows a representative sample 

of these.

008048 25KV i.88uM
Figure 4.5 SEM images o f films deposited from the reaction o f tributyl tin trifluoroacetate 

with hydrogen sulfide. (See next paragraph for more details)

Figure 4.5a shows the scanning electron micrograph of the film deposited at 450 °C on 

carbon-doped silica coated glass with a precursor temperature of ca. 150 °C. This 

shows large regular shaped particles. A film deposited later, at 400 °C, with the same 

bubbler temperature is depicted in Figure 4.5b. The film deposited at 400 °C shows
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much lower surface coverage, due to the precursor becoming involatile as it 

decomposed in the bubbler.

Figures 4.5c and 4.5d show films deposited on tin oxide / silica coated glass with a 

precursor temperature of 130 °C with coater temperatures of 400 and 500 °C 

respectively. Here, there is less variation in surface coverage, but films show less 

coverage than that imaged in Figure 4.5a. The particles are less regular in shape in the 

film deposited at the lower coater temperature. This is because the surface diffusion 

rate is lower.

Figure 4.5d clearly shows a wavy structure to the film. This is characteristic of island 

growth. The film was not deposited for long enough for all particles to coalesce 

forming a continuous film.

4.3.7 Transmittance/reflectance spectroscopy

Transmittance/reflectance spectra were recorded for all films. Figure 4.6 shows various 

spectra recorded from films deposited from tributyl tin trifluoroacetate. Figure 3.13 was 

recorded for a film which was analysed by other means to be tin(II) sulfide.

In all the films deposited from tributyl tin trifluoroacetate, reflectance is low. 

Transmittance is low in the case of the film deposited at 450 °C with a bubbler 

temperature of ca. 150 °C. This is due to the thickness of the film. The two films 

deposited at 400 °C show similar profiles of transmittance across the spectral range. 

The film deposited with a bubbler temperature of ca. 150 °C has higher transmittance, 

indicating a thinner film. In general, a higher bubbler temperature leads to higher 

vapour pressure and so thicker films as more of the precursor is reaching the substrate. 

In this case, the film deposited at the higher bubbler temperature is thinner because it 

was the third film deposited at this bubbler temperature and the precursor was being 

rendered involatile by the high temperature.
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Figure 4.6 Transmittance (pink, red or purple) / reflectance (I. blue, blue or grey) spectra of 

films deposited from tributyl tin trifluoroacetate at (a) 450 "C with a bubbler temperature of ca. 

150 °C, (b) 400 °C with a bubbler temperature of ca. 150 °C and (c) 400 °C with a bubbler 

temperature of ca. 130 ”C.

Figure 3.13 was recorded for a film which was analysed by other means to be tin(ff) 

sulfide. When this is compared with the spectra recorded from films deposited by the 

reaction of tributyl tin trifluoroacetate with hydrogen sulfide, some similarities are 

observed. In the cases of the films deposited at 420 and 400 °C from tributyl tin 

trifluoroacetate with either bubbler temperature, thinner films are deposited than those 

formed by the reaction of tin tetrachloride with hydrogen sulfide. The shapes of the 

transmittance/reflectance spectra are very different, and many of the features observed 

in Figures 4.6b and 4.6c are due to the glass rather than the coating. The film deposited 

from tributyl tin trifluoroacetate and hydrogen sulfide at 450 °C with a bubbler 

temperature of ca. 150 °C is much thicker. This is demonstrated by the 

transmittance/reflectance percentages having much lower values. Here, the film is of 

comparable thickness to that deposited from tin tetrachloride and hydrogen sulfide at 

545 °C.
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4.3.8 Band gaps

The UV-visible absorption spectrum was recorded for the film deposited from tributyl 

tin trifluoroacetate with hydrogen sulfide at 400 °C and a bubbler temperature of ca. 150 

°C. From this, the band gap was calculated as 1.5 eV. Tin(II) sulfide has previously 

been recorded as having a band gap of 1.3 eV."^  ̂ This is lower than the value recorded 

for the film  deposited from ["BugSnOiCCFs] with hydrogen sulfide.

4.4 Summary and Discussion

4.4.1 Summary of results

The aim of the work in this chapter was to attempt to deposit tin sulfide films with 

fluorine doping. This was in an attempt to mirror previous work on tin oxide films 

using this precursor. It was accepted from the outset, that any fluorine incorporation 

would probably not be observed directly by the techniques employed in this thesis, but 

may possibly be observed indirectly from the transmittance/reflectance measurements.

X-ray diffraction and Raman microscopy were used to determine the phases present in 

the films. Only tin(II) sulfide was observed by these techniques, with no evidence for 

contamination by other phases of tin sulfide or oxide. Calculation of the unit cell 

parameters showed it was slightly smaller than unit cells reported in the literature.

XPS demonstrated that there was a high level of oxygen contamination in the films. 

This was not in the form of a metal oxide, but had a Is binding energy indicative of a 

covalently bound species such as water or oxygen bound to carbon or chlorine. Such 

species would have been observed in Raman spectroscopy, if they formed part of the 

bulk film. It is thought that one of the reaction byproducts may have been adsorbed 

onto the surface of the film and detected only in the XPS due to its high surface 

sensitivity. Tin was shown to have two environments -  tin(U) sulfide and metallic tin. 

This was not observed in the films studied in Chapter 3. The observed tin-sulfur ratio 

was sulfur deficient, which is in agreement with this.
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ED AX carried out on the films showed a near 1:1 ratio of tin to sulfur in the films 

deposited with a bubbler temperature of 150 °C on carbon-doped silica coated glass. 

Deviations from the perfect 1:1 ratio were caused by calcium in the substrate interfering 

with the tin signal in analysis. Films deposited later had less coating, due to the reaction 

in the bubbler yielding involatile products. Films deposited on tin oxide / silica coated 

glass with lower precursor temperatures were also analysed, but it was impossible to 

calculate an accurate tin to sulfur ratio. This was due to the tin oxide precoating on the 

substrate.

SFM  images showed that films deposited with the higher precursor temperature had 

larger particles and greater surface coverage, but confirmed that both decreased with 

later deposition reactions. With the lower precursor temperature, smaller particles were 

observed. In this case, it was observed that higher deposition temperatures led to more 

regularly shaped particles in the film. This was due to faster surface diffusion. 

Underneath, the film was seen to exhibit island growth.

4.4.2 Discussion

Films of tin(II) sulfide may be deposited by the reaction of tri-n-butyl tin 

trifluoroacetate with hydrogen sulfide. No tin(IV) sulfides may be deposited despite the 

fact that the precursor was a tin(IV) species. This is in contrast with work carried out in 

Chapter 3, where tin(IV) halides deposited tin(II), tin(IV) and mixed valent sulfides. 

Although tin(II) sulfides were formed, they were only accessible at high temperatures. 

This was because the kinetic product of the reaction was tin(IV) sulfide. The reaction 

pathway of tributyl tin trifluoroacetate with hydrogen sulfide must experience lower 

energy barriers to the thermodynamically more stable tin(II) sulfide.

The overall reaction of tributyl tin trifluoroacetate could result in a number of products. 

Some of the possible reactions are given below.

[BusSnOzCCFs] + 2 H2S ^  SnS + 3BuH + H 0 C(0 )C p3 + SEquation 4.1 

[BusSnOsCCFs] ^  [BuzSn] -H Bu0 C(0 )CF3

\L H2S Equation 4.2

SnS -f- 2BuH
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In Equation 4.1, reduction of tin is accompanied by oxidation of sulfur as was assumed 

to be the case in Chapter 3 for the reaction of tin(IV) chloride to yield tin(II) sulfide. 

Equation 4.2 assumes reductive elimination to give butyl trifluoroacetate, followed by 

reaction of the 16 electron species, dibutyl tin, with hydrogen sulfide to give tin(ll) 

sulfide. W ithout analysis of effluent gases, it is impossible to determine which of these 

is occurring in the reaction.

The oxygen incorporation observed in the XPS, while possibly coming from the glass, 

may have been due to one or other of these by-products. Reaction by-products could 

easily remain adsorbed on the surface of the coating.

A further possibility is that the film is formed by two-step surface reaction. In the first 

step, tributyl tin trifluoroacetate may react with the surface to form a surface bound tin 

species with the loss of one or all of the butyl groups. The second step would then 

involve reaction of hydrogen sulfide or an HS species with the tin-oxygen bond. This 

w ould be slower as the bulky groups surrounding the tin atom would impede the 

hydrogen sulfide.

If this were the case, a large amount of tin, which is not yet part of the forming tin 

sulfide film, would be found near the surface. In addition, the large proportion of 

oxygen observed in the XPS can be accounted for. The binding energy of tin in this 

case would not be the same as that observed for tin sulfides. Nor would it be similar to 

binding energies observed for tin oxides, as the oxygen atom is a covalent species rather 

than an ion.

As both the Raman and X-ray diffraction showed the films were consistent with being 

tin(ll) sulfide alone, it is likely that the oxygen is only a surface bound entity. A high 

level of incorporation of another phase would be observed in the Raman microscopy, 

although an amorphous species could escape X-ray detection.

None of these proposed reaction mechanisms can be confirmed without analysis of the 

reaction byproducts. In situ spectroscopy would also be required to determine the 

actual mechanism of film growth. The setup of the reactor used in this work makes 

both these unfeasible.
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4.4.3 Comparison with results from reactions of tin tetrahalides

Films deposited from the reaction of tributyl tin trifluoroacetate with hydrogen sulfide 

show some differences from those deposited from the reaction of tin tetrahalides with 

hydrogen sulfide. These differences include unit cell dimensions and morphology. The 

difference in unit cell parameters was slight.

Transmittance / reflectance spectroscopy showed similarities with films deposited from 

the reaction of tin tetrahalides with hydrogen sulfide. It appears that in contrast with the 

case of tin oxide, use of a fluorine-containing precursor has little effect on the optical 

properties of the film deposited by CVD.

The films deposited from tributyl tin trifluoroacetate exhibited a different morphology 

from those deposited from tin tetrachloride or tin tetrabromide. In the case of the tin 

tetrahalides, different morphologies were observed dependant on the substrate, whereas, 

in the case of tributyl tin trifluoroacetate, morphology was similar in all cases. This 

may be because the film deposited was not entirely composed of tin monosulfide, but 

another phase was present. The presence of another phase may alter the nucléation 

properties of the films, making the substrates alike enough for the same film to be 

deposited.
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Chapter 5 
Tin sulfide films 

deposited from single 
source precursors
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Chemical vapour deposition is often carried out using dual sources, as was the case in 

Chapters 3 and 4. One of the problems with this method is that it is hard to control 

stoichiometries in the final film. If one of the precursors is in vast excess, there is the 

likelihood that more of this may be incorporated into the film. Another problem 

sometimes encountered is that one component of the film is easily lost during 

deposition.

The solution to these problems is to construct a single-source precursor. This should 

have direct bonds between atoms that are to form the final film, along with weaker 

bonds that are easily broken, to remove other parts of the molecule. The simplest 

molecules containing tin and sulfur are thiolates. The general formula of these is 

[Sn(SR)n] where R is an alkyl or aryl group and n is 2 or 4 depending on the oxidation 

state of tin. Other simple molecules are dithiocarbamates, whose general formula is 

[Sn(SC(S)NR2)n] again where R is an alkyl group and n is 2  or 4.

In this chapter, the synthesis of various single source precursors is outlined. Thermal 

Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) were used to 

investigate precursors for suitability as CVD precursors. CVD reactions were carried 

out and the resulting films analysed by XRD, Raman, XPS, ED AX and SEM.

5.1 Preparation of the precursors

All precursors used in this chapter were synthesised at The University of Bath by Dr. T. 

Hibbert. Differential Scannign Calorimetry and all CVD reactions (except where 

otherwise noted) were carried out at University College London. The precursors 

investigated in this chapter fall into one of the following categories.

• Homoleptic tin(IV) thiolates

• Homoleptic tin(II) thiolates

• Homoleptic tin(IV) dithiocarbamates

• Alkyl tin(IV) dithiocarbamates
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5.1.1 Preparation of homoleptic tin(IV) thiolates

Tin(IV) phenyl thiolate was prepared by the method of Backer and Kramer/^^ A 

solution of tin tetrachloride, 2 cm^ (17.4 mmol), in dry, degassed toluene, 100 cm^, was 

prepared. Sodium phenylthiolate, 9.42 g (71.3 mmol), was added and refluxed for 2 h. 

The solution was cooled to room temperature. NaCl and excess sodium thiolate were 

removed by filtration. The remaining solution was evaporated to dryness in vacuo. The 

product was recrystallised from diethyl ether to yield colourless crystals in 80 % yield. 

The melting point was determined as 52 °C, which is lower than the literature value of 

67

Tin(IV) 77^-ethane 1,2-diothiolate was prepared in a similar manner. Ethane-1,2-dithiol, 

1.45 cm^ (17.2 mmol), was dissolved in THF, 50 cm^. ”BuLi (2.5 M), 13.7 cm^ (34.2 

mmol), in hexane was added under constant stirring. This led to the formation of a 

white precipitate. After stirring at room temperature for 30 min, SnCU, 1.0 cm^ (8.55 

mmol), was added dropwise, causing an exothermic reaction. The solution was stirred 

for 16 h and the THF removed in vacuo. The resulting solid was dissolved in CH2CI2 

and insoluble LiCl removed by filtration. The solvent was again removed in vacuo to 

leave a white powder in 91 % yield. The melting point was determined as 180-181 °C, 

comparable with 178 and 182 previously reported.

Tin(IV) 2,2,2-trifluoroethane thiolate was prepared by an alternative route. CF3CH2SH,

3.05 cm^ (34.3 mmol), was syringed into a pre-cooled flask at -7 8  °C. Once fully 

frozen, SnCU, 1 0  cm^ (8.55 mmol), was added and allowed to freeze. The cooling bath 

was then removed and the reagents allowed to warm slowly to room temperature under 

vigorous stirring. Stirring was continued at room temperature for 1 hr, and the flask 

periodically vented of emerging hydrogen chloride. Once evolution of HCl was 

complete, as determined using universal indicator paper, [Sn(SCH 2CF3)4] remained as a 

clear colourless liquid. The boiling point was determined as 35 °C.
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5.1.2 Preparation of homoleptic tin(II) thiolates

Homoleptic tin(II) thiolates were prepared by reacting stannocene with the appropriate 

thiolate in toluene. Products were polymeric and so both insoluble and involatile 

making them unsuitable for CVD. The only exception was [Sn(SCPh3)2]. This 

compound contains exceptionally bulky groups, rendering polymerisation difficult from 

steric considerations. As such, although involatile, it could be dissolved in toluene and 

aerosol assisted CVD reactions carried out.

5.1.3 Preparation of homoleptic tin(IV) dithiocarbamates

Dithiocarbamates were prepared by the route of Lalancette et An appropriate

dialkyl amine was reacted with butyl lithium in toluene to form the dialkylamino 

lithium salt. This was then reacted with CS2 in toluene to give a dithiocarbamate 

lithium salt. A number of precursors were also used where the dithiocarbamate 

precursor had two different alkyl groups. In this case Li[S2CNMeBu] was prepared by 

using M eBuNH as the starting amine.

SnCU and a stoichiometric amount of Li[S2CNMeBu] were placed in a Schlenk tube 

under a nitrogen counter-flow. Dichloromethane was added and the reagents stirred at 

room temperature for 16 h. LiCl was removed by filtration and the solvent removed in 

vacuo. Products were recrystallised from diethyl ether.

5.1.4 Preparation of alkyl tin(IV) dithiocarbamates

Reagents were prepared as above using [RnSnCU-n] as the tin source to give 

[RnSn(dtc)4 .n] precursors, where dtc is any dithiocarbamate ligand.
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5.2 Reactions and results of homoleptic tin(IV) 

thiolates

Many of the precursors synthesised were investigated for their suitability as CVD 

precursors by Differential Scanning Calorimetry. This indicated which could be used 

with thermal evaporation and which required aerosol delivery methods.

Five precursors were investigated for use as CVD precursors. Tin(IV) benzyl thiolate 

was thought to be suitable for bubbler delivery, and a small number of reactions were 

carried out. All were unsuccessful.

Tin(IV) cyclohexyl thiolate and tin(IV) phenyl thiolate were investigated by DSC and 

thermal decomposition. It was found that they both had very high boiling points {ca. 

350 °C), and so were unsuitable for thermal delivery methods. They were each 

investigated as CVD precursors using the aerosol delivery method. Tin(IV) cyclohexyl 

thiolate was dissolved in trichloromethane and a small number of reactions were carried 

out. All were unsuccessful. On the other hand, tin(IV) phenyl thiolate could be 

dissolved in trichloromethane, hexane or acetone and films deposited.

In order to produce more volatile tin(IV) thiolates, alkyl compounds were investigated, 

with fluorine substituted for hydrogen. This is likely to increase the volatility. One 

such compound investigated was tin(IV) 2,2,2-trifluoroethane thiolate. This has a 

boiling point of 35 °C, so may be admitted to the CVD reactor using the bubbler 

delivery method.

Another precursor investigated for CVD was a chelating thiolate. Ethane 1,2-dithiol 

was reacted with tin(IV) chloride in the same manner as other thiolates, to produce 

tin(IV) ry^-ethane 1,2-dithiolate.
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5.2.1 Reactions of tin(IV) phenyl thiolate

The first reactions involving tin(IV) phenyl thiolate were carried out at the University of 

Bath by Dr. T. G. Hibbert. A solution of 0.5 g tin(IV) phenyl thiolate in 20 ml toluene 

was used to create a mist, which was transported to the CVD reactor in a 1 dm^min"’ 

stream of nitrogen. The reaction was carried out until the entire precursor was 

expended. The coater temperature during reaction was 300 °C. The substrate used was 

carbon-doped silica coated glass, and no hydrogen sulfide was admitted to the system. 

The resulting films were yellow in colour. These were investigated by X-ray diffraction 

and Raman microscopy. The X-ray diffraction pattern of the film deposited at 400 °C is 

shown in Figure 5.1 and the Raman spectrum of the same film is given in Figure 5.2.
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Figure 5.1 X-ray diffraction pattern of the film deposited from  tin(IV) phenyl thiolate at 

400 °C.

Both Figure 5.1 and Figure 5.2 bear no resemblance to any of the tin sulfide reference 

X-ray diffraction patterns and Raman patterns in Figures 2.4 and 2.6 respectively. 

Comparison with Figures 2.5 and 2.7 showed that both the X-ray diffraction and Raman 

data were consistent with the film being tin(II) tin(IV) oxide (8 0 3 0 4 ).
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Figure 5.2 Raman spectrum of the film deposited from tin(IV) phenyl thiolate at 400 °C.

Further reactions w ere carried  out at U niversity  C ollege, using tin(IV ) phenyl thiolate 

and hydrogen sulfide. M any o f these w ere successful. T he full details o f all reactions 

ea rn ed  out and the visual appearances o f the resu lting  film s are listed in T able 5.1.

Table 5.1 Reaction conditions for the CVD reaction o f tin(IV) phenyl thiolate.

C oater tem perature

r c )

Solvent H ydrogen sulfide 

(dm^min'*)

V isual appearance

400 Acetone 0.2 Thin, yellow

405 Hexane 0.4 t Thin, yellow

448 Hexane 0.4 t Y ellow

454 CHCI3 0.2 Grey & brown

502 Hexane 0.4 t Thin, grey

550 Hexane 0 Grey

550 Acetone 0.4 t Grey

550 CHCI3 0 Thin, brown

550 CHCI3 0.2 Grey

For the reactions m arked t ,  hydrogen sulfide flow ed through the reaction  solution while 

the m ist was being created. In the case o f all o ther reactions, hydrogen sulfide did not 

m eet the p recursor until im m ediately  p rio r to the reaction  cham ber. In the case o f the 

reactions m arked t ,  it is possib le that a sm all am ount o f reaction occurred in the flask
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where the aerosol was created. Tliis may account for some of the differences in reaction 

product.

Tlie films were too thin for investigation by X-ray diffraction.

5.2.1.1 Raman microscopy

Raman microscopy was carried out on all films. It was noted that in many cases the 

films were not of a single phase. Figure 5.3 shows the Raman spectra of films 

deposited at 450 and 500 °C with a hydrogen sulfide flow of 0.4 dm^min'\

<0cm

50 100 150 200 250 300 350 4000

W a v e n u m b e r  / cm-1

Figure 5.3 Raman spectra of films deposited from tin(lV) phenyl thiolate with 0.4 dm min 

hydrogen sulfide at (a) 450 and (b) 500 °C.

This shows that at 450 °C tin(IV) sulfide is the predominant phase formed, while at 500 

°C a mixture is seen. At this higher temperature, the major phase is tin(II) sulfide, 

however a small band is observed at 310 cm '\ This could be due to the major peaks of 

both tin(IV) sulfide and mixed valent Sn2S3.

Figure 5.4 shows the Raman spectra of films deposited at 400 and 450 °C with a 0.2 

dm^min'^ flow of hydrogen sulfide. In these reactions hydrogen sulfide did not meet the 

tin(IV) phenyl thiolate until the reaction chamber, so there was no chance of the 

solution reacting prior to aerosol creation.
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Figure 5.4 Raman spectra of films deposited from tin(lV) phenyl thiolate with 0.2 dm^min * at 

(a) 400 and (b) 450 °C.

Figure 5.4 shows the same trend, of tin sulfides of lower oxidation states being available 

at higher temperatures. At 400 °C a mixture of tin(IV) sulfide and mixed valent tin(II) 

tin(IV) trisulfide is observed, while at 450 °C a mixture of tin(II) tin(IV) trisulfide and 

tin(II) sulfide is seen. A significant difference between Figures 5.3 and 5.4 is that 

mixed valent tin sulfide is more prominent when there was no pre-reaction of the 

precursor with H2S in the round-bottomed flask.

5.2.1.2 Energy dispersive analysis by X-rays

All films analysed were found to contain tin and sulfur. As the films were very thin 

much of the excitation volume contained glass. Some of the films were deposited on tin 

oxide / silica coated glass, so the tin in the undercoating interfered with the result. 

Other films, which were deposited on silica coated glass, were so thin that the calcium 

content in the underlying glass also interfered with the tin signal, but the tin to sulfur 

ratio was approximately 1 : 1 .
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5.2.1.3 Scanning electron microscopy

The SEM image of the film deposited from tin(IV) phenyl thiolate with hydrogen 

sulfide at 500 °C from a hexane solution is shown in Figure 5.5. The substrate was tin 

oxide / silica coated glass. Small particles are observed, in discreet clusters.

Figure 5.5 SEM image o f a film deposited from tin(IV) phenyl thiolate with hydrogen sulHde 

at 500 °C.

5.2.2 Reactions of tin(IV) 2,2,2-trifluoroethane thiolate

Tin(IV) 2,2,2-trifluoroethane thiolate was found to have a boiling point of 35 °C. At 

room temperature it is a liquid. It was admitted to the reaction via a bubbler. Reactions 

were carried out without heating the bubbler. This meant that, as ambient temperatures 

in the room changed from day to day and throughout the day, the bubbler temperature 

ranged from 9 to 18 °C. Depositions were carried out over one or three minutes. Those 

carried out over three minutes were thick enough to analyse by X-ray diffraction.

A small number of reactions were carried out in the absence of hydrogen sulfide, but no 

film was deposited.

Reaction conditions are detailed in Table 5.2.
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Table 5.2 Reaction conditions for the reaction of tin(lVO 2,2,2-trifluoroethane thiolate.

Precursor temperature 9 -1 8 ° C

Nitrogen flow rate through bubbler line

10 dm^min'^Nitrogen flow rate diluting line from 
bubbler

0.3 dm^min ^H2S flow rate

1.5 dm^min'^Nitrogen flow rate diluting H2S

Substrate Silica coated glass

Deposition time 1 -  3 min

5.2.2.1 Visual appearance of films

Films deposited at 300 and 400 °C were yellow in colour. The film deposited at 450 °C 

was mostly brown, but large areas of yellow film were apparent at the edges. The film 

deposited at 500 °C was predominantly brown. At 550 °C, a film was produced which 

had large regions of both grey and brown, the brown region being nearer the gas inlet of 

the reactor. The film deposited at 600 °C was grey in colour. No film was deposited at 

200

S.2.2.2 X-ray diffraction

2 theta / degrees

X-ray diffraction pattern of films deposited from tin(lV) 2,2,2-trifluoroethaneFigure 5.6

thiolate at (a) 400, (b) 450 and (c) 600 °C over 3 minutes.
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X-ray diffraction patterns were recorded for the films deposited at 400, 450 and 600 °C 

over 3 minutes. These are all shown in Figure 5.6.

Figure 5.6a shows the X-ray diffraction pattern of tin(IV) sulfide. The spectrum in 

Figure 5.6b is that of tin(II) tin(IV) trisulfide, although some tin(IV) sulfide is shown by 

the peak at 14 °. Figure 5.6c is the characteristic spectrum of tin(II) sulfide.

S.2.2.3 Raman microscopy

The Raman spectrum was recorded for all films. The films deposited at 300 and 400 °C 

both exhibited the pattern of tin(IV) sulfide. Figure 5.7 shows the Raman pattern of the 

film deposited with a substrate temperature of 400 °C.

100 150 200

Wavenumber /  cm-1
250 300 350 400

Figure 5.7 Raman spectrum of the film deposited from tin(IV) 2,2,2-trifluoroethane thiolate 

with hydrogen sulfide at 400 °C.

The film deposited at 450 °C was brown in colour, with a large amount of yellow film 

around the edges. The brown portion of the film was analysed by Raman to be tin(II) 

tin(IV) trisulfide and the yellow region tin(IV) sulfide. The film deposited at 500 °C 

showed that only Sn2S3 was present. This Raman spectrum is shown in Figure 5.8.
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Figure 5.8 Raman spectrum of the film deposited from tin(IV) 2,2,2-trifluoroethane thiolate

with hydrogen sulfide at 500 °C.

At 525 and 550 °C a mixture of tin(II) sulfide and mixed valent SnzS] is observed by 

Raman. In the film deposited at 550 °C two different regions were analysed separately, 

which showed the different Raman spectra. The Raman spectrum of the film deposited 

at 600 °C is shown in Figure 5.9. This shows that only the tin(II) sulfide phase is 

formed at this temperature.

100 150 200

Wavenumber/cm-1
250 300 350 400

Figure 5.9 Raman spectrum of the film deposited from tin(IV) 2,2,2-trifluoroethane thiolate

with hydrogen sulfide at 600 °C.
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S.2.2.4 Energy dispersive analysis by X-ravs

EDAX was carried out on all films. Although some breakthrough to the underlying 

glass occurred, the films were found to be much thicker than those deposited from 

tin(IV) phenyl thiolate. EDAX analysis of films deposited from tin(IV) 2,2,2- 

trifluoroethane thiolate showed approximately 20 -  30 % of the excitation volume to be 

tin and sulfur. In contrast, films deposited from tin(IV) phenyl thiolate showed a 

maximum of 10 % of the excitation volume to be tin and sulfur. A plot of tin to sulfur 

ratio as a function of temperature is given in Figure 5.10.

3.5

2.5

SnS

SnS

0 .5 --------

350 400 450

Temperature / degrees
500 550 600 650250 300

Figure 5.10 Graph showing how sulfur to tin ratio varies with substrate temperature for films 
deposited from tin(IV) 2,2,2-trifluoroethane thiolate with hydrogen sulfide.

Figure 5.10 is similar to Figure 3.8 which showed the variation of sulfur to tin ratio with 

substrate temperature for films deposited from tin tetrachloride with hydrogen sulfide. 

In both cases, there is a lower sulfur content in the films with increasing temperature.

In agreement with Figure 3.8, the sulfur to tin ratios shown in this section are not the 

ideal values of 1, 1.5 or 2 for tin(II) sulfide, tin(II) tin(IV) trisulfide and tin(IV) sulfide. 

However, in the case of films deposited Ifom tin tetrachloride and hydrogen sulfide, 

sulfur content was high, whereas here sulfur content is low. This is because the
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substrate used for the depositions from tin(IV) 2,2,2-trifluoroethane thiolate is silica 

coated glass and carbon-doped silica coated glass was used for the reactions of tin 

tetrachloride.

A further difference is in the presence of multiple phases after reaction of tin(IV) 2,2,2- 

trifluoroethane thiolate with hydrogen sulfide. This could be a function of the 

precursor, or the substrate.

5.2.2.S Scanning electron microscopy

SEM images were obtained for all films. Figure 5.11 shows a representative sample of 

these.

Figure 5.11a shows the film deposited at 400 °C. Figures 5.11b and 5.11c are two 

different regions of the film deposited at 450 °C -  5.11b being the yellow area at the 

edge and 5.11c the brown area in the middle. Figure 5.1 Id  is the SEM  image of the 

film deposited at 500 °C. Figures 5 .l i e  and 5 .I l f  show the images of the film 

deposited at 550 °C, 5 .l i e  being the brown area nearer the inlet to the reactor and 5.1 If  

the grey area further along the reactor bed. Figure 5.11g shows the film deposited at 

600 °C.

The films depicted in Figures 5.11a and 5.11b were analysed by Raman to be tin(IV) 

sulfide. Here, they exhibit ill-defined, needle-like particles. Films that were analysed 

by Raman to be mixed valent tin sulfide are shown in Figures 5.11c, 5 .l i d  and 5 .l ie .  

All have long needle crystals, which are longer and thicker with increasing deposition 

temperature (5.11c -> 5 .l i d  -> 5 .l ie ) .  The films shown in Figures 5 .I l f  and 5.1 Ig 

were both shown to be tin(II) sulfide by Raman. The morphology of the two is the 

same, however it is clear from the SEM images that the film deposited at 600 °C has a 

poorer surface coverage than that deposited at 550 °C.
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Figure 5.11 SEM images of films deposited from  tin(IV) 2,2,2-trifluoroethane thiolate. (See 

previous paragraph for details.)

5.2.3 Reactions of tin(IV) rj^-ethane 1,2 dithiolate

Tin(IV) 77^-ethane 1,2 dithiolate was investigated by Differential Scanning Calorimetry 

and Thermal Gravimetric Analysis. These methods showed that it melted at 101 °C and 

decomposed at ca. 180 °C. TGA also showed decomposition consistent with a mass 

similar to that of two sulfur atoms, or a CH2CH2S moiety being lost at 180 °C and a
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further decomposition to SnS2 at 250 °C. Considering these observations, this precursor 

would be unsuitable for bubbler delivery, but aerosol delivery might be appropriate.

In each reaction 0.1 g of the precursor was dissolved in acetone, 50 cm^. The reactions 

were allowed to run until the entire precursor in the round-bottomed flask had been used 

up. Hydrogen sulfide, if used in the reaction, did not meet the precursor until 

immediately prior to the reaction chamber. Films were deposited onto silica coated 

glass.

Reactions were carried out at temperatures from 350 -  600 °C with a 0.2 dm^min'^ flow 

of hydrogen sulfide. Reactions were also carried out without hydrogen sulfide at 

temperatures from 350 -  600 °C.

The films were all too thin for analysis by X-ray diffraction.

5.2.3.1 Visual appearance of films

The films deposited with a hydrogen sulfide flow of 0.2 dm^min’’ exhibited varying 

colours with substrate temperature. The film deposited at 350 °C was yellow in colour, 

that deposited at 400 ° C was brown and those deposited at 500 and 550 ° C were grey. 

No film was laid down when the substrate temperature was 600 °C. In the absence of 

hydrogen sulfide films could not be deposited at 350 °C or at 600 °C. All films 

produced at 400 -  550 °C were grey.

5.2.3.2 Raman microscopy

Raman spectra were recorded for all films. The spectra of the films deposited with a 0.2 

dm^min'^ flow of hydrogen sulfide are shown in Figure 5.12.

Figure 5.12 shows that the film deposited at 350 °C is tin(IV) sulfide, that deposited at 

400 °C is tin (H) tin(IV) tri sulfide and that deposited at 500 °C is tin(II) sulfide. This is 

in agreement with all other results that higher temperatures lead to accessibility of the 

+2 oxidation state.
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Figure 5.12 Raman spectra of the films deposited from tln(lV) rj -ethane 1,2-dithiolate with a

0.2 dm^min * flow of hydrogen sulfide at (a) 350, (b) 400 and (c) 500 °C.

Figure 5.13 shows Raman spectra of films deposited from tin(IV) -ethane 1,2- 

dithiolate without hydrogen sulfide. In contrast with other results in this series, 

temperature has no effect on the phase deposited.

I
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Figure 5,13 Raman spectra of films deposited from tin(lV) î] -ethane 1,2-dithiolate with no 

hydrogen sulfide at (a) 400, (b) 450 and (c) 500 °C.

Figures 5.12 and 5.13 demonstrate that the hydrogen sulfide plays an important role in 

which phase is deposited. When hydrogen sulfide is present, all phases of tin sulfide are 

accessible, whereas in its absence only tin(II) sulfide may be deposited.
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5.2.3.3 Energy dispersive analysis by X-ravs

The films were all very thin, and EDAX showed a large amount of the underlying glass. 

Tin and sulfur were observed in all films, although a maximum of just 5 % of the 

excitation volume was made up of these two elements. As calcium in the underlying 

glass interfered with the tin signal all films appear to contain more tin that sulfur. This 

meant that accurate elemental ratios could not be obtained, however EDAX indicated 

that ratios were near 1:1

5.2.3.4 Scanning electron microscopy

Images were obtained from all films deposited. A representative selection of these is 

shown in Figure 5.14.

Figure 5.14a shows the image of the film deposited at 350 °C with 0.2 dm^min'^ flow of 

hydrogen sulfide. Small particles are seen. The familiar image of interlocking plates is 

observed in the film deposited at 400 °C with 0.2 dm^min'^ hydrogen sulfide, depicted 

in Figure 5.14b. Figure 5.14c shows the film deposited at 500 °C with 0.2 dm^min'^ 

hydrogen sulfide. Small square plates are observed in this image, some of which are 

interlocking.

Figures 5.14d, 5.14e, 5.14f and 5.14g show images of the films deposited without 

hydrogen sulfide in the reaction chamber. The deposition temperatures of these films 

were 400, 450, 500 and 550 °C respectively. Two observations may be made. The first 

is that with increasing deposition temperature the morphology of the particles becomes 

more regular. The second observation is that low temperature and high temperature 

conditions lead to lower surface coverage. This is due to lower reaction rate at lower 

temperatures. Looking at the particle sizes in the films, higher temperature conditions 

lead to large particle sizes. It is possible that at 550 °C nucléation is low and surface 

migration high. This would lead to a smaller number of larger particles, with larger 

spaces between them.
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Figure 5.14 SEM images of the films deposited from  tin(IV) rj -ethane 1,2-dithiolate. (See 

previous paragraph for details.)

5.2.4 Conclusions

Certain tin(IV) thiolates may provide useful precursors to the CVD formation of tin 

sulfides. Of those studied, each had advantages and disadvantages. Homoleptic alkyl 

and aryl thiolates investigated turned out to yield tin oxides in the absence of hydrogen 

sulfide and the entire range of tin sulfides when hydrogen sulfide was admitted. This 

has been reported previously for the case of indium sulfide being deposited from 

Bu2lnS'Pr.^^^ If 99.999 % argon was used as the carrier gas, InzS] could be produced,
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but lower purity gases led to the formation of In2 0 3 . Formation of the oxide was due to 

there being water in the carrier gas.

Use of a fluorinated thiolate allowed the bubbler delivery method to be used. The 

precursor, tin(IV) 2,2,2-trifluoroethane thiolate, was as volatile at room temperature as 

tin tetrachloride at 70 °C. This allowed thick films to be deposited over much shorter 

timescales than other thiolate precursors. All phases of tin sulfide were accessible, and 

films thick enough to investigate by X-ray diffraction could be produced.

Although neither of the other two precursors investigated could produce a film without 

hydrogen sulfide being present, the chelating tin(IV) r/^-ethane 1,2-dithiolate deposited 

tin(n) sulfide when no H%S was used. The precursor could only be used with the 

aerosol method of delivery, as it was involatile. No forms of tin oxide were observed in 

the Raman, and the EDAX ratio was consistent with tin sulfide being the major 

component. This was despite undried acetone being used as the solvent.

A reason why neither tin(IV) phenyl thiolate nor tin(IV) 2,2,2-trifluoroethane thiolate 

could produce tin sulfide in the absence of hydrogen sulfide came to light when tin(IV) 

phenyl thiolate was analysed by mass spectroscopy. No tin containing species were 

observed in the E l mass spectrum. The major species observed were PhS and PhSSPh 

fragments. This result agrees with observations made from the thermal decomposition 

study. Tin(IV) phenyl thiolate was heated to 200 °C for 2 hr, and the resulting powder 

analysed by Mossbauer. A tin(II) species, with parameters similar to those of tin(II) 

phenyl thiolate, and a small amount of tin(IV) oxide were observed. Further heating led 

to decrease of the tin(II) signal and increase of the tin oxide signal.

From these results, it is likely that the first step of the CVD reaction involves 

decomposition of the precursor accompanied by loss of RSSR. A further RSSR entity 

may be lost, leaving an active tin species, which, in the presence of water in the carrier 

gas, yields tin oxide. If hydrogen sulfide was also present in the system, tin oxide will 

react to form tin sulfide as was reported in Section 3.3.9.

In the case of tin(IV) r;^-ethane 1,2-dithiolate, loss of a RSSR entity is unlikely. To lose 

one of the ligands in this fashion would result in an unstable 4-membered SCCS ring
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being formed. If a bond was formed between sulfur atoms from the two different 

ligands, they would still be locked to the tin atom and may revert anyway.

It is interesting that only tin(II) sulfide is formed from the AACVD reaction of 

[Sn(-SCH 2CH2^)2] when no hydrogen sulfide is present. If the TGA of tin(IV) r f-  

ethane 1 ,2 -dithiolate is studied, it appears that a group corresponding to the mass of 

CH 3CHS is lost. This would leave [(SCH2CH2S-)!sn=S]. At higher temperatures in the 

CVD reactor, the second ligand may be lost in its entirety. It may react with water in 

the nitrogen carrier, or may undergo internal rearrangement, but the stronger tin-sulfur 

double bond would remain intact. This resulting species SnS(g), on reaching the surface, 

may be adsorbed and form a tin sulfide film. As tin(II) sulfide is the most useful of all 

the phases in terms of electronic applications, a route to the single phase compound is 

very useful.

5.3 Reactions and results of homoleptic tin(II) 

thiolates

Many homoleptic tin(II) thiolates were prepared by the method outlined in section 5.1.2. 

It was found that almost all of them were polymeric. As polymeric compounds their 

melting and boiling points were very high, so bubbler delivery was impossible. Also, 

they were insoluble in all of the solvents tried.

Polymerisation came about because the coordination sphere around the tin atom was not 

full. Each tin atom became 4-coordinate, with bridging thiolate groups between. It was 

speculated that, if the thiolate group around the tin atom was very large, polymerisation 

would not be possible and the monomeric form of the molecule would prevail. With 

this in mind, a triphenyl methane thiolate was produced. Four of these very bulky 

groups are unlikely to fit around a tin atom, so polymerisation would be prohibited and 

the molecule may be volatile or soluble.

It transpired that the molecule was indeed monomeric, but the bulky groups also led to 

high melting and boiling points along with low volatility. It was, however, soluble in
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tetrahydrofuran and toluene. The compound was air- and moisture-sensitive, so had to 

be handled in a glove box. Dried, degassed solvents were used for all reactions.

5.3.3.1 Reactions carried out

Reactions were carried out using the aerosol delivery method. Some reactions were 

carried out in tetrahydrofuran, but polymerisation of this in the heated section of pipe 

immediately prior to the reaction chamber led to blockages. Therefore, toluene was 

selected as a more appropriate solvent. In all reactions, 0.1 g of the precursor was 

dissolved in 50 cm^ of the solvent.

Reactions were carried out with 0.2 dm^min'^ hydrogen sulfide at temperatures of 400, 

500 and 575 °C. The substrate used was silica coated glass, and depositions lasted until 

all the precursor had been used up.

Unfortunately, none of the reactions produced a film.

5.4 Reactions and results of homoleptic tin(IV) 

dithiocarbamates

Two homoleptic dithiocarbamate precursors were investigated. These were 

[Sn(S2CNR2)4] where R=Me, Et. Both were solids at room temperature. Differential 

scanning calorimetry was carried out to determine suitability of these as CVD 

precursors, and it was found that the boiling points were prohibitively high. With this in 

mind, the precursor was admitted using the aerosol delivery method. A small number 

of reactions were carried out using [Sn(S2CNM e2)4] and the bubbler delivery method, 

but volatility problems made these unsuccessful.
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5.4.1 Reactions carried out

R eactions involv ing  [Sn(S 2 C N E t2 )4 ] were carried  out at three tem peratures -  350, 450 

and 520 °C. [Sn(S 2 C N E t2 )4 ], 0.3 g, was d isso lved  in ch loroform , 50 cm^, and adm itted 

using the hum idifier. N o hydrogen sulfide was used  in any reaction , and reactions were 

carried  out until the entire p recursor had run out (typ ically  30 m in). T in oxide / silica 

coated  glass w as used as the substrate.

For m ethodology  o f reaction, re fer to Section  2.1, particu larly  2.1.3 for aerosol 

m odifications.

5.4.2 Visual appearance of films

T he film s deposited  from  [S n(S 2 C N E t2 )4 ] using the aerosol delivery  m ethod  at 450 and 

520 °C coated  only  the first c a . 10 cm  o f the substrate. F ilm s w ere thin and grey in 

colour. N o film  was deposited  at 350 °C.

5.4.3 Raman microscopy

c
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Figure 5.15 Raman spectrum of the film deposited from  [Sn(S2CNEt2)4] at 520 °C.
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T he R am an spectra  o f film s deposited  from  [S n(S 2 C N E t2 )4 ] w ere recorded. The 

spectrum  o f the film  deposited  at 520 °C is show n in F igure 5.15.

F igure 5.15 show s the characteristic R am an spectrum  o f tin(II) su lfide. T he spectrum  

recorded from  the film  deposited  at 450 °C show s the sam e pattern.

5.4.4 Energy dispersive analysis by X-rays

F D A X  m easured  the elem ental ratio  for both the film s deposited . As the film s were 

deposited  on tin oxide / silica coated  glass, e lem ental ratios w ere found  to be tin rich. 

S ulfur was observed  in the film s, although at low levels. A ccurate tin to sulfur ratios 

could  not be determ ined.

5.4.5 Scanning electron microscopy

S F M  show ed that the film s w ere not uniform . Im ages o f each o f the film s deposited  

from  [Sn(S 2 C N F t2 )4 ] are given in F igure 5.16. T hese show  that the film  is deposited  in 

large clusters o f particles. U nderneath  the partic les no m orpho logy  is observed, so it 

was thought that this is uncoated glass.

A

150014 20KV X3!èèK'iè!èuK 250011 25KV X3.50K 8 . 6 u a

Figure 5.16 SEM images of films deposited from [SntSzCNEtzia at (a) 450 and (b) 520 °C.
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5.4.6 Conclusions

In this section, only a small number of films were attempted. Only those reactions 

using the aerosol delivery method could deposit a film. This was due to involatility of 

the precursor.

Films were only attempted without hydrogen sulfide. This led to only tin(II) sulfide 

being deposited, although the precursor contained tin(IV). This is in accordance with 

observations made in Section 5.2.3.

Films were deposited on tin oxide / silica coated glass. This meant that accurate data 

from EDAX could not be obtained, although sulfur was observed in the films. The 

morphology of the films was dissimilar to that observed using other precursors. Using a 

different substrate is an important factor in this observation.

5.5 Reactions and results of alkyl tin 

dithiocarbamates

A number of precursors were used in this section with varying degrees of success. 

[R3Sn(S2CN R’2)l R=Me, ”Bu; R ’=Me, Et were all used with both the bubbler and 

aerosol delivery methods. Although aerosol delivery was successful, no film was 

formed with any precursor using the bubbler delivery method. The more volatile 

asymmetric dithiocarbamate precursors [Me3SnS2CNMeBu] and [BuSn(S2CNMeBu)3] 

were also used with the bubbler delivery method.
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5.5.1 Reactions of the asymmetric dithiocarbamate 

[Me3 SnS2 CNMeBu] with hydrogen sulfide via bubbler delivery 

method

5.5.1.1 Reactions carried out

Using asymmetric dithiocarbamate groups in the precursor leads to lower boiling points. 

Consequently, reactions of [Me3SnS2CNMeBu] were carried out using the bubbler 

delivery method. Reactions were carried out with a bubbler temperature of ca. 90 °C. 

0.5 dm^min Nitrogen flowed through the bubbler and this was diluted by 10 dm^min'^ 

of nitrogen. 0.3 dm^min'^ hydrogen sulfide was used in all reactions and this was 

diluted by a nitrogen flow of 1.5 dm ^m in'\ Reactions were carried out over 15 minutes 

and silica coated glass was used as the substrate. Substrate temperatures in the range 

450 -  600 °C were used at intervals of 50 degrees.

5.5.1.2 Visual appearance of films

The bubbler delivery reactions of the asymmetric dithiocarbamate [Me3SnS2CNMeBu] 

led to brown films at 450 °C. At 500 and 550 °C grey films were deposited, although 

the higher temperature led to a thinner film. No film was deposited at 600 °C.

5.5.1.3 Raman microscopy

O f the reactions carried out using the asymmetric dithiocarbamate precursor, 

[Me3SnS2CNMeBu], with hydrogen sulfide, most spectra recorded showed the familiar 

pattern of tin(II) sulfide. No film was deposited at the highest temperature of 600 °C, 

while at 450 °C Sn2S3 was the predominant component of the film. At 500 and 550 °C 

SnS was the major component.

5.5.1.4 Energy dispersive analysis by X-ravs

Films deposited from [Me3SnS2CNMeBu] were on silica coated glass. Here, near 1:1 

ratios of tin to sulfur were detected, with the film deposited at 450 °C showing a slightly
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higher su lfu r content. T his agrees w ith the R am an result, w here tin(II) tin(IV ) trisulfide 

w as observed  as the m ajor phase along w ith a sm all am ount o f tin(II) sulfide.

5.5.1.5 Scanning electron microscopy

Figure 5.17 show s a selection o f SEM  im ages recorded  from  film s deposited  from  the 

A A C V D  reaction o f [M e3 S nS 2 C N M eB u] w ith hydrogen sulfide.

Figure 5.17 SEM images of films deposited from the reaction o f [Me^SnSzCNMeBu] with 0.2 

dm'm in ‘ at (a) 450 °C, (h) 500 °C and (c) 550 °C.

Figure 5 .17a show s that at 450 °C sm all partic les are deposited  (typ ically  0.1 - 0.2 pm ). 

T he R am an data ind icated  that the film s deposited  at 500 and 550 °C w ere a d ifferent 

m aterial from  that deposited  in the reaction at 450 °C. W ith this in m ind, com parison of 

F igures 5 .17b and 5.17c show  that increasing  deposition  tem peratu re leads to m ore 

partic les, o f a sm aller size. T his im plies that nucléation  is increased , and that either 

grow th ra te  decreases o r am ount o f m aterial in the reaction  cham ber lim its the size of 

the particles.

5.5.1.6 Conclusions

[M e 3 S nS 2 C N M eB u] was found m ore volatile than a num ber o f o ther alkyl 

dith iocarbam ates studied in this section. It cou ld  be adm itted  to the C V D  system  using 

the bubb ler delivery  m ethod. A num ber o f reactions w ere carried  out w ith the substrate 

tem perature in the range 450 to 600 °C. A t 450 °C the p redom inan t phase was found to 

be m ixed  valent tin(II) tin(IV ) trisulfide. A sm all am ount o f tin(II) sulfide was also 

observed. A t 500 and 550 °C tin(II) sulfide w as the phase deposited , w hile no film  was 

laid dow n at 600 °C. T his is in accordance w ith w ork carried  out in C hapter 3, w here

148



films deposited at higher substrate temperatures consisted of tin in a lower oxidation

state.

5.5.2 Reactions of [Me3 SnS2 CNMe2 ] via aerosol delivery method

5.5.2.1 Reactions carried out

Reactions of [Me3SnS2CNMc2] were carried out dissolving 0.25 g of the precursor in 50 

ml acetone. A flow of 1 dm^min'* nitrogen passed through the round bottomed flask 

above the humidifier during reaction. The reaction was run until the entire precursor 

was used up (typically 20 nun). No hydrogen sulfide was used in reactions. Substrate 

temperatures were between 400 and 600 °C and tin oxide / silica coated glass was used 

as the substrate.

5.5.2.2 Visual appearance of films

The reactions of [Me3SnS2CNMe2] as a solution in acetone using the aerosol delivery 

method deposited films at 500 and 550 °C. No film was observed at 400 °C. Brown 

and grey films were deposited at both 500 and 550 °C.

5.5.2.3 Raman microscopy

Films deposited from [Me3SnS2CNMe2] using the aerosol delivery method and no 

hydrogen sulfide showed two different spectra. Figure 5.18 shows spectra recorded 

from films deposited at 500 and 550 °C under these conditions.

Figure 5.18 shows that the film deposited at 500 °C from [Me3SnS2CNMe2] using the 

aerosol delivery method and no hydrogen sulfide does not depict a tin sulfide. The film 

deposited at 550 °C from the same precursor gives tin(ll) sulfide.
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Figure 5.18 Raman spectra of films deposited from [Me3SnS2CNMe2j at (a) 500 and (b) 550 °C

with no hydrogen sulfide on tin oxide / silica coated glass using the aerosol delivery method.

5.5.2.4 Energy dispersive analysis by X-rays

In the case o f  films deposited from [MegSnSiCNMe]] without hydrogen sulfide using 

the aerosol delivery method, sulfur contents were all too low to be detected. Tin was 

observed, but this was due to tin oxide precoating on the substrate.

5.5.2.5 Scanning electron microscopy

Figure 5.19 shows a selection o f  SEM images recorded from films deposited from the 

reaction o f  [Meg SnS2 CNM c2 ] .

150



Figure 5.19 SEM images of films deposited from the reaction o f [MeaSnSzCNMez] at (a) 500 °C 

and (b), (c) at 550 °C.

Figure 5 .19a show s that at 500 °C very sm all in terlock ing  plates are deposited . At 550 

°C very large clusters {ca . 15 pm  across) o f partic les are seen. T his is show n in F igure 

5.19c. B eneath  these w avy structures are observed  as dep icted  in F igure 5.19b. These 

are very sm all, but are probably  deposited  on the surface o f the glass, w hile the larger 

clusters are m ore often associated  w ith partic les deposited  from  the gas phase. This 

indicates that nucléation and grow th o f partic les on the surface is slow  com pared  with 

the gas phase reaction.

5.5.2.6 Conclusions

The film s deposited  from  [M egSnSzCN M ei] v ia  aerosol assisted  C V D  w ithout hydrogen 

sulfide show ed a m ixture o f results. O nly a sm all num ber o f reactions w ere carried  out. 

No film  was deposited  at 450 °C, w hile at 550 °C SnS was the on ly  phase observed. At 

500 °C a num ber o f reactions w ere carried  out. Su lfu r con ten t w as undetectable by 

ED AX , and the R am an spectrum  did  not show  a tin sulfide o r tin oxide coating.

151



5.5.3 Reactions of [Me3 SnS2 CNEt2 ] via aerosol delivery method

5.5.3.1 Reactions carried out

In the case of [Me3SnS2CNEt2] using the humidifier, 0.1 g of the precursor was 

dissolved in 50 ml hexane. A nitrogen flow of 2 dm^min'^ flowed through the round 

bottomed flask during reaction, and the reaction ran until all the precursor was used up 

(typically 20 min). The substrate temperature was varied between 450 and 600 °C for 

all reactions, and a 0.4 dm^min'^ flow of hydrogen sulfide was used in all reactions but 

the one at 550 °C.

5.5.3.2 Visual appearance of films

Using [Me3SnS2CNEt2] in the humidifier led to grey/brown films at all temperatures, 

regardless of whether hydrogen sulfide was used or not.

5.5.3.3 Raman microscopy

Films deposited from [Me3SnS2CNEt2] with the aerosol delivery method showed 

familiar spectra of tin(II) sulfide for all films deposited with hydrogen sulfide. The film 

deposited at 450 °C -  the lowest temperature attempted in this series -  also showed the 

major band due to mixed valent Sn2S3 at 307 cm "\ Spectra of the films deposited at 450 

and 600 °C are given in Figure 5.20. The film deposited at 550 °C from this precursor 

with no hydrogen sulfide present in the reaction showed the spectrum of tin(II) sulfide.
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Figure 5.20 Raman spectra o f films deposited from (MegSnSzCNEtzi at (a) 450 and (b) 600 ®C 

with 0.4 dm^min^ hydrogen sulfide on tin oxide / silica coated glass using the aerosol delivery 

method.

5.5.3.4 Energy dispersive analysis bv X-ravs

Films deposited from this precursor were on tin oxide / silica coated glass, so no useful 

information could be gathered from EDAX other than that sulfur was present.

5.5.3.5 Scanning electron microscopy

Figure 5.21 shows the SEM image o f the film deposited firom the reaction of 

[MesSnSiCNEti] with hydrogen sulfide at 450 °C.

This shows that the film deposited from this precursor is made up o f small particles - ca. 

2 X 0.5 p.m - with large gaps between.
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Figure 5.21 SEM image of the film deposited from the reaction of [Me^SnSzCNEt^] with 

hydrogen sulfide at 450 °C.

5.5.3.6 Conclusions

The films deposited from [MegSnSiCNEti] with hydrogen sulfide using the humidifier 

were consistent with results from previous systems. At 450 °C, tin(II) sulfide with a 

small amount of tin(II) tin(IV) trisulfide was deposited. At the higher temperatures of 

500 and 600 °C tin(II) sulfide alone was deposited. At 550 °C a film of tin(II) sulfide 

was produced when no hydrogen sulfide was used.

5.5.4 Summary of results of reactions using alkyl tin 

dithiocarbamates as CVD precursors

In summary, a number of depositions were attempted from [R3SnS2CNR’2] where 

R=Me, Bu; R ’=Me, Et. [Me3SnS2CNMeBu] was also used as a precursor.

No films were deposited from [R3SnS2CNR’2] (R=Me, Bu; R ’=Me, Et) using the 

bubbler delivery method.

Using [Me3SnS2CNMe2] without hydrogen sulfide employing the aerosol method of 

delivery also produced unexpected results. No film could be deposited at 450 °C, while 

at 550 °C tin(II) sulfide was deposited. At 500 °C the film deposited was shown not to
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be tin sulfide or tin oxide by Raman microscopy. In all cases, some sulfur was detected 

by EDAX, although a large amount of tin was seen in the underlying glass.

The related precursor, [Me3SnS2CNEt2], was used in a number of aerosol assisted 

reactions with hydrogen sulfide. It was found that tin(II) sulfide was the major 

component in all films deposited at 450 °C and above, although a small amount of 

mixed valent Sn2S3 was seen at 450 °C.

[Me3SnS2CNMeBu] was used with the bubbler delivery method, as asymmetric 

dithiocarbamates are more volatile than their symmetric counterparts. Reactions were 

carried out with 0.2 dm^min"^ hydrogen sulfide (total gas flow 12.3 dm^min'^). It was 

found that, at 450 °C, tin(II) tin(IV) trisulfide was the major phase, with a small amount 

of tin(IV) sulfide. At higher temperatures tin(II) sulfide was the only phase formed. No 

film could be deposited at 600 °C.

With the exception of films deposited from [Me3SnS2CNMe2], all reactions showed the 

familiar trend found in previous sections. Reactions were not carried out at 

temperatures below 450 °C. M ixed valent tin sulfide was generally observed at the 

lowest deposition temperature of 450 °C, sometimes with tin(II) sulfide. At higher 

temperatures tin(II) sulfide was the only phase observed. Also, thinner films were 

deposited at the highest temperature of 600 °C, as has been observed with other 

systems.

In the case of reactions of [Me3SnS2CNMe2], results were not as expected. The first 

result that is inconsistent with previous observations is the spectrum of the film 

deposited at 500 °C from the reaction without hydrogen sulfide using the aerosol 

delivery method. The Raman spectrum of this film is not indicative of a tin sulfide or 

tin oxide. As yet, this spectrum has not been identified.
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5.6 Summary and conclusions

5.6.1 Summary

In this Chapter, a variety of precursors was investigated for their potential as single 

source precursors to tin sulfides. The precursors investigated fell into one of the 

following categories

• Homoleptic tin(IV) thiolates

• Homoleptic tin(II) thiolates

• Homoleptic tin(IV) dithiocarbamates

• Alkyl tin(IV) dithiocarbamates

It was found that tin(II) thiolates, due to the incomplete coordination sphere around the 

tin atom, tended to polymerise, thus rendering them insoluble and in volatile. The only 

exception was [Sn(SCPh3)2]. The bulky ligand prohibited polymeristation, so the 

compound was soluble. However, investigation by aerosol assisted CVD proved that 

tin sulfide films could not be deposited.

Tin(IV) thiolates were altogether more successful. Three precursors were extensively 

investigated, all giving some positive results.

In summary, it was found that tin(IV) thiolates could form films by CVD. In the case of 

[Sn(SR)4] (R=Ph, CH2CF3) if a film could be produced by using the precursor alone, it 

was tin oxide. With hydrogen sulfide in the system, this was sulfidised to tin sulfide. 

This was due to loss of ligands (either SR or RSSR) in the initial stages of the reaction. 

In the case of chelating [!sn(-SCH2CH2!s)2] loss of a ligand was less favourable, as the 

other end was anchored (the chelate effect). The equivalent of losing an RSSR moiety 

in this case would be to lose an unstable 4-membered ring. TGA indicated that 

CH3CHS is lost, following rearrangement and leaving a tin-sulfur bond. All these 

factors led to the formation of tin(II) sulfide films when no hydrogen sulfide was 

present in the system.
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Tin(IV) dithiocarbamates were also investigated. Only a few reactions were carried out, 

without hydrogen sulfide. Tin(II) sulfide films could be produced. Again, this result is 

probably due to the chelate effect, prohibiting loss of ligands.

Alkyl tin(IV) dithiocarbamates investigated followed the established trend of lower 

temperatures leading to higher oxidation states of tin sulfide formed. Using asymmetric 

dithiocarbamate ligand allowed bubbler delivery to be used, as melting and boiling 

points were lower. Using this class of precursor led to one unexpected result. At 500 

°C a film was deposited without hydrogen sulfide; this could not be identified as a tin 

oxide or sulfide by Raman microscopy. At lower temperatures, no film was deposited, 

which is unusual. Normally, tin(IV) sulfide or tin sesquisulfide could be formed. This 

unknown phase has yet to be identified.

5.6.1 Conclusions

W hen compounds are designed with a view to forming single source CVD precursors, a 

tin-sulfur bond is the first prerequisite. If monodentate ligands are used, these are easily 

lost, either singly or as dimers. This leaves an active tin species, which reacts with the 

small amount of water present in nitrogen gas cylinders. Bidentate ligands are 

altogether more effective. This is due to the chelate effect. Ligands cannot be lost 

easily, so the molecule reaches the surface of the glass intact, before undergoing 

decomposition.

O f the precursors investigated, [Sn(-SCH 2CH 2^ )2], [Me3SnS2CNMe2] and 

[Me3SnS2CNMeBu] all produced films without hydrogen sulfide present in the system. 

Only [Me3SnS2CNMeBu] could be used with the bubbler delivery method. Other 

similar precursors, with asymmetric dithiocarbamate groups, may also be suitable for 

formation of tin sulfide films.
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Chapter 6 
Mixed sulfide 
selenide films
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Tin(II) sulfide is widely studied for its semiconducting properties. It has an electronic 

band gap of 1.3 eV and is a p-type semiconductor. Tin(II) selenide also exhibits 

semiconducting properties. Its band gap is 1 eV.^^ Tin(IV) selenide has a band gap of

1.03 eV /^  which is a lot further from that of tin(IV) sulfide.

As advances are made in semiconductor technology, it would be of advantage to create 

a semiconductor with a predetermined band gap. The similarity in structure of tin(II) 

sulfide and tin(II) selenide mean that a solid solution of the two phases could be created 

with any composition. As the composition varies, it is probable that properties of the 

resulting materials vary between the two extremes of tin sulfide and tin selenide 

according to some determinable relationship. Hence, the band gap could be tuned by 

altering the sulfur to selenium ratio in the material.

W ith these goals in mind, it was decided to attempt to produce a tin sulfide selenide 

film. Only a preliminary investigation was undertaken. A single source precursor was 

prepared which contained sulfur and selenium, and CVD reactions were carried out.

6.1 Preparation and investigation of the precursor.

The precursor prepared was a tin thiolate selenolate. It was prepared by combining 

[Sn(SPh)4] and [Sn(SePh)4] in toluene. The preparation of tin(IV) phenyl thiolate is 

described in Section 5.1.1, and tin(IV) phenyl selenolate was prepared by the same 

method.

The precursor was investigated by NMR. NMR showed that the precursor was not 

[Sn(SPh)2(SePh)2], but a mixture of all compounds [Sn(SPh)4], [Sn(SPh)3(SePh)], 

[Sn(SPh)2(SePh)2], [Sn(SPh)(SePh)3] and [Sn(SePh)4]. Ligand exchange during the 

final stages of precursor preparation led to all five compounds being formed in the 

statistical ratio 1:4:6:4:1.

The melting point of the precursor would cover a range as the precursor was a mixture 

of five compounds. It was thought that, since selenium is heavier than sulfur, the
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melting point would be at least as high as that of [Sn(SPh)4], 67°C/^^ and the boiling 

and vapour pressures correspondingly higher.

6.2 CVD investigation of [Sn(SPh)n(SePh)4.n]

6.2.1 Reactions carried out

As the precursor was a solid at room temperature and had a high melting point, only the 

aerosol method of delivery could be used. For full details of this method, refer to 

Section 2.1.3.

In all reactions, ca. 0.1 g of the precursor was dissolved in 50 cm^ acetone. This was 

poured into the round bottomed flask immediately prior to reaction. A nitrogen flow of 

2 dm^min’  ̂ flowed through the round bottomed flask during reaction. Some reactions 

were carried out with 0 . 2  dm^min'^ flow of hydrogen sulfide, diluted by 1 dm^min'^ 

nitrogen, which met the precursor 2 cm before the reaction chamber. Other reactions 

used no hydrogen sulfide, and the diluting nitrogen was also stopped, hence the overall 

gas flow to the reactor was 2 dm ^m in'\ Reactions were carried out with substrate 

temperatures between 300 and 550 °C. Silica coated glass was used as the substrate.

6.2.2 Visual appearance of films

Of the films deposited with 0.2 dm^min'^ hydrogen sulfide in the reaction, the colour of 

the films varied with deposition temperature. The film deposited at 300 °C was brown, 

those deposited at 350 and 400 °C were yellow/brown, and films deposited at 450 °C 

and above were grey in colour. All films were thin and only the first few cm of the 

substrate was coated.

Films could also be deposited without hydrogen sulfide. The film deposited at 400 °C 

was yellow, at 450 °C the film was brown, while at 500 °C a grey film was deposited.
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Films were too thin to be analysed by X-ray diffraction.

6.2.3 Raman microscopy

Raman spectra were recorded for all films. Reference spectra of tin sulfides are given in 

Figure 2.6. These show that bands appear in tin(II) sulfide at 216-220, 185-189, 159- 

163 and 94-96 cm '\ and at 313 and 214 cm'^ in tin(IY) sulfide. As tin selenide has the 

same structure as tin sulfide, it would be expected that the pattern observed is similar, 

although bands would move. Selenium is heavier than sulfur, so bands would be 

expected to appear at lower wavenumber. Figure 6.1 shows Raman spectra recorded for 

the films deposited from [Sn(SPh)n(SePh)4.n] (n = 0  -  4), at 300, 400 and 500 °C.
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Figure 6.1 Raman spectra of films deposited from lSn(SPh)n(SePh)4 .„J with hydrogen sulfide 

at (a) 300 °C, (b) 400 °C and (c) 500 °C.

Figure 6.1 shows that at 300 °C tin(IV) sulfide is deposited, at 500 °C tin(II) sulfide is 

the product and a mixture of the two is achieved at 400 °C. No evidence for mixed 

valent tin sulfide is seen.

In the Raman spectra of the films deposited at 300 and 400 °C, the SnSi band occurs at 

315 cm '\ The bands for SnS are noticed at 221, 182-191, 161-164 and 96-97 cm’* in
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the spectra recorded for films deposited at 400 and 500 °C. These bands are all in 

roughly the same place as in other spectra recorded for tin sulfides,

Tlie spectra of the films deposited without hydrogen sulfide are given in Figure 6.2.
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Figure 6.2 Raman spectra of the films deposited from |Sn(SPh)„(SePh)4.„] without hydrogen 

sulfide at (a) 400 °C, (b) 450 "C and (c) 500 °C.

Figure 6.2 shows that at 400 °C tin(IV) sulfide is deposited, while at 450 °C a film with 

a Raman spectrum similar to that of tin(II) sulfide is deposited. The position of the 

SnSi band in Figure 6.2a is 315 cm '\ however the bands for SnS in Figure 6.2b are 

observed at 154, 130 and 78 cm '\ The band at 220 is not observed. The film deposited 

at 500 °C begins to show the band that should be at 185 cm '\

The shifting of the bands in the spectra of tin(II) sulfide is significant. Spectra are 

calibrated to within 2 cm '\ and shifts of ca. 20 cm'^ are experienced here. In the films 

deposited in the presence of hydrogen sulfide, a shift of 7 cm'^ occurs in one of the 

bands, wliile when no hydrogen sulfide is used shifts of 20 cm'^ occur. These shifts 

may be due to some incorporation of selenium into the films.
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6.2.4 Energy dispersive analysis by X-rays.

All films were analysed by EDAX. They were found to be thin, with less than 10 % of 

the excitation volume being made up of tin, sulfur or selenium. The substrate did not 

contain tin, however calcium found in the glass interferes with the tin signal. At these 

low amounts of tin, the effect of calcium is significant. Ratios are reported here for 

comparison with one another, and not as absolute values.

In the films deposited from [Sn(SPh)n(SePh)4 .n] with hydrogen sulfide, tin and sulfur 

were observed in all films. Some films appeared to contain selenium, while others did 

not, but in all cases selenium content was so low that it could have been due to error.

Of the films deposited without H 2S in the reaction mixture, the film  deposited at 450 °C 

again showed a selenium content which may be due to error in the instrument. The film 

deposited at 500 °C, however, showed a selenium content which was above the error of 

the EDAX machine. Ignoring the tin content, selenium accounted for ca. 30 % of the 

chalcogenide present.

If the tin content in these films is inspected, it is seen to be higher than observed in films 

deposited under the same conditions without hydrogen sulfide. The total chalcogenide 

content is, however, similar. This high tin content is far higher than normally observed 

due to calcium in the underlying glass, so it may be that some tin oxide is present in the 

films. Oxygen is not detected by the EDAX system used in this work.

Table 6.1 gives the ratio of sulfur and selenium in all films, although some selenium 

ratios are lower than 2 sigma, as calculated by the EDAX detector.
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Table 6.1 Sulfur and selenium ratios in films deposited from [Sn(SPh)n(SePh)4.n].

Deposition temperature /

°C

Hydrogen sulfide flow rate 

/ dm^min^

Selenium as percentage of 

total chalcogenide

300 0 . 2 1 0 *

350 0 . 2 0

400 0 . 2 9 *

450 0 . 2 0

500 0 . 2 1 0 *

550 0 . 2 8  *

450 0 2 0 *

500 0 30

* denotes films where selenium content is lower than instrument error.

Although error in measurements on the EDAX machine are high, due to the film being 

very thin, it is evident from Table 6.1 that presence of H 2S in the reaction mixture leads 

to lower selenium content in the films. This is to be expected.

6.2.5 Scanning electron microscopy

Images of a representative sample of the films are shown in Figure 6.3.

The morphologies observed in Figure 6.3 are not similar to those observed for other 

films deposited in this thesis. It is to be expected that some similarities would arise in 

the SEMs, as tin sulfide, tin selenide and all intermediate compounds have the same 

structure. In addition, as silica coated glass was used in both series of depositions, no 

difference can arise due to the substrate. In Figure 6.3a the film  deposited from 

[Sn(SPh)n(SePh)4 .n] is shown. This shows similar morphology to films deposited from 

other precursors, however the particles are much smaller and less well defined. In 

Figure 6.3b the film deposited from the same precursor at 450 °C is shown. Here, small 

round particles are observed on the surface of the glass, along with needles over the top. 

At the higher temperatures of 500 and 550 °C, films are made up of small regular 

particles. These are larger at the higher temperature indicating that growth rates are 

higher.
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Figure 6.3 SEM images of films deposited from [Sn(SPh)n(SePh)4.n] with H2S at (a) 300, (b) 

450, (c) 500 and (d) 550 °C.

6.3 Discussion and conclusions

Films may be deposited from [Sn(SPh)n(SePh)4_n] with and without hydrogen sulfide. 

The precursor used is a mixture of all species from n=0 to n=5 and this is likely to 

contribute to some aspects of the reaction.

EDAX showed that the films were very thin. Selenium content was of the order of the 

limits of detection. This leads to problems in quantification, however, it may be 

concluded that films deposited without hydrogen sulfide contained higher levels of 

selenium that those deposited with hydrogen sulfide.
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E D A X  d a ta  reco rd ed  fo r film s d ep o sited  w ith o u t h y d ro g en  su lfide , sh o w ed  a large  

am o u n t o f  tin  in  ex cess o f  th a t w hich  co u ld  be b o u n d  to  o b se rv ed  cha lcogen ide . T his 

in d ica tes  th a t tin  o x id e  m ay  h av e  b een  p resen t in  the  film s.

R am an  d a ta  fo llo w ed  p rev io u sly  ob serv ed  trends -  lo w er d ep o sitio n  tem p era tu res  lead  

to  h ig h e r o x id a tio n  sta tes o f  tin. T h e  pa tte rns w ere  s im ila r in  fo rm  to those  o f  tin  

su lfides, h o w ev er sh ifts in  p eak  positions w ere  en co u n te red . T h ese  sh ifts  co u ld  be due 

to  se len iu m  su b stitu tin g  fo r su lfu r on  som e o f  th e  sites. M ix e d  va len t S n 2 S 3 is no t seen 

in  any  o f  th e  spectra . T in  o x id e  b ands are n o t o b serv ed  in  any  o f  the  spectra , a lthough  

the  p resen ce  o f  som e tin  o x id e  w as in d ica ted  by  the  E D A X  resu lt. T in  o x ide  is a m uch  

w eak er R am an  sca tte re r than  tin  su lfide, so w o u ld  p ro b ab ly  n o t b e  o b serv ed  along  side 

tin  su lfid e  anyw ay .

S E M  sh o w ed  th a t th e  film s w ere th in n er than  th o se  d ep o sited  fro m  o th er p recursors, 

an d  p artic les  w ere  m u ch  sm aller.

R efe rrin g  b ack  to  o b serv atio n s m ade in C h ap te r 5, co n ce rn in g  th e  reactions o f 

an a lo g o u s tin (IV ) p heny l th io la te , a P h S S P h  spec ies w as o b serv ed  in  the m ass 

spec trum . D eco m p o sitio n  o f  tin (IV ) phen y l th io la te  no  d o u b t in c lu d es loss o f  such  a 

spec ies. T h is , acco m p an ied  b y  the p resen ce  o f  w a te r in  th e  d ilu tin g  n itro g en  supp ly , led  

to  d ep o sitio n  o f  tin  o x id e  film s. W hen  the  reac tio n  w as acco m p an ied  b y  hydrogen  

su lfide , o r w hen  film s w ere  su b seq u en tly  h ea ted  in  th is  gas, tin  su lfid e  film s w ere the 

resu lt.

F o r  reac tio n s of[ S n(S Ph)n(SePh)4 .n] s im ilar reac tion  p a th w ay s m ay  b e  env isaged . L oss 

o f  P h S S P h  can  o ccu r fro m  m o lecu les  w h ere  n  >  2. L ik ew ise , lo ss o f  the  ana logous 

spec ies P h S eS eP h  m ay  a lso  o ccu r in  m o lecu les  o f  n  <  2. I f  n  =  0  o r 4  th en  tw o  species 

o f  the  ap p ro p ria te  ty p e  w o u ld  be  lost.

S ince th ere  is g rea te r overlap  o f  o rb ita ls  b e tw een  atom s o f  s im ila r size, bonds betw een  

atom s o f  d iffe ren t size are w eak er than  b e tw een  th o se  o f  s im ila r size. T h erefo re , the 

cen tra l b o n d  in  a m o lecu le  P h S -S eP h  w o u ld  be  w eak er th an  e ith e r th e  su lfu r-su lfu r or 

se len iu m -se len iu m  b onds in  P h S S P h  o r P hS eS eP h . It is p o ss ib le  th a t th is lo w er bond  

en e rg y  p ro h ib its  loss o f  such  a species. T h is m ean s that, a lth o u g h  all ligands m ay  be
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lo st fro m  [S n(S P h)n(S eP h)4 .n] w here  n = 0, 2  o r 4 , w h en  n  is 1 o r 3 a species 

[S n (S P h )(S eP h )] w o u ld  rem ain . T h is m ay  th en  d ep o sit a  tin  su lfid e  se len id e  film .

In th e  o v era ll schem e, som e tin  o x id e  w o u ld  b e  d ep o sited  fro m  spec ies w here  n  =  0, 2 o r 

4  an d  som e tin  su lfide  se len id e  fro m  m olecu les w ith  n  =  1 o r 3. W h e n  h y d ro g en  su lfide 

is p re sen t in  the  reac tio n  m ix tu re , the tin  o x ide  w o u ld  b e  su lfid ised , h o w ev er w ithou t 

h y d ro g en  su lfid e  tin  o x id e  w o u ld  rem ain . T h is acco u n ts fo r  th e  h ig h  tin  co n ten t in  film s 

d ep o sited  w ith o u t h y d ro g en  su lfide.

I f  it w ere  th e  case  th a t P h S eS eP h  co u ld  n o t b e  lo st fro m  th e  p recu rso r, the final film  

w o u ld  h av e  a h ig h e r p ro p o rtio n  o f  selen ium . T h is is n o t o b serv ed  -  in  fact all film s 

c o n ta in  m o re  su lfu r than  se len ium , although  a 1:1 ra tio  is ex p e c ted  fro m  film s d eposited  

w ith o u t h y d ro g en  sulfide.
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Chapter 7 
Mixed oxide sulfide

films
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A s w as o b se rv ed  in  the  p rev io u s chap ter, film s co n ta in in g  tin , su lfu r an d  se len iu m  m ay  

be  fo rm e d  b y  ch em ica l v ap o u r deposition . T h ese  ex h ib it s im ila r p ro p erties  to those 

seen  in  p u re  tin  su lfide. T h is  is due to  tin  su lfide, tin  se len id e  an d  so lid  so lu tions o f  the 

tw o  p h ases  all h av in g  the  sam e structure .

T in  o x id e  su lfid e  p ro v id es an o th er in te re stin g  system . In  th is  case, tin  o x ide  and  tin  

su lfid e  d iffe r in  m an y  w ays, so  th e  re su ltin g  film  m ay  show  p ro p e rtie s  s im ilar to  tin  

su lfid e  o r m ay  b e  m o re  ak in  to  tin  oxide. A lte rn a tiv e ly  a  fu rth e r n ew  p h ase  m ay  be 

fo rm ed .

V ery  little  is k n o w n  o f  a m ix ed  tin  o x ide  su lfide. A  s tru c tu re  can  be fo rced  to 

c ry s ta llise  a ro u n d  o rgan ic  tem p la te  m o lecu les, and  th is  is co m p o sed  o f  [SnioS 2 o0 4 ]^' 

un its lin ed  b y  su lfid e  b ridges.

In  th is  ch ap te r, fo rm a tio n  o f  tin  o x id e  su lfide  film s w ill be  a ttem pted . T w o  approaches 

w ill be tak en  -  fo rm in g  the film s fro m  tin  te trach lo rid e , h y d ro g en  su lfid e  an d  w ater, and 

d ep o sitio n  fro m  sing le so u rce  p recu rso rs.

7.1 Precursors used

T h ree  sy stem s w ere  s tu d ied  in  the  a ttem pt to  p ro d u ce  tin  o x id e  su lfide  film s.

T h e  firs t, b a se d  on  p rev io u s w o rk  in  th is thesis  an d  b y  o th e r m em b ers  o f  the  research  

g ro u p  a t U n iv e rs ity  C o llege , u sed  tin  te trach lo rid e , h y d ro g en  su lfid e  and  w ater. In 

C h ap te r 3, re su lts  sh o w ed  th a t tin  te trach lo rid e  an d  h y d ro g en  su lfide , w hen  reac ted  

to g e th e r u n d e r C V D  co n d itio n s, p ro d u ced  tin  su lfide  film s. O th e r system s have  been  

stud ied , such  as ch ro m iu m , v an ad iu m  an d  titan iu m , w h e reb y  ap p ro p ria te  ch lo rides or 

o x y ch lo rid es  reac t w ith  w a te r to  g ive  tran sitio n  m eta l ox ides. A lso  n o ted  in  C h ap te r 3, 

w as th a t tin  o x id e  film s, w hen  h ea ted  in  h y d ro g en  su lfide , co u ld  b e  su lfid ised  to  tin  

su lfide. W ith  these  o b serv a tio n s  in  m ind , reac tio n  o f  tin  te trach lo rid e , h y d ro g en  su lfide 

an d  w a te r m ay  lead  to  a m ix ed  o x id e  su lfide  film , h o w ev er, p re sen ce  o f  hydrogen  

su lfide  is lik e ly  to  lead  to  any  o x ide  co m p o n en t b e in g  su lfid ised .
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T w o  fu rth e r series o f  reac tio n s w ere  ca rried  out. T h ese  in v o lv ed  use  o f  s ing le  source 

p recu rso rs  w ith  tin -su lfu r and  tin -oxygen  bonds. A ll th ese  reac tio n s  w ere  ca rried  out 

w ith  an d  w ith o u t h y d ro g en  sulfide. T h e  p recu rso rs  u sed  w ere 

[C l2 S n (S C H 2 C ( 0 )0 M e) 2 ], w h ere  the  carbony l o x y g en  b in d s d a tiv e ly  to  tin  and 

[‘Buj^nC-OCHzCHafe)].

7.1.1 Preparation and analysis o f [Cl2Sn(SCH2C(0)0Me)2]

T h is  w as p re p a re d  at the  U n iv ers ity  o f  B ath  by  D r. T . H ib b ert. M eO C (0 )C H 2 C H  w as 

reac ted  w ith  B uL i in  T H F . T h is  gave the  lith iu m  sa lt M e 0 C (0 )C H 2 S L i w h ich  w as 

reac ted  w ith  SnC U  in to luene. In itia lly , th is reac tio n  seq u en ce  w as th o u g h t to  have 

p ro d u ced  [S n (S C H 2 C (0 )0 M e)4 ], h o w ev er the m ass sp ec tru m  ev id en ce  in d ica ted  that 

[C l2 S n (S C H 2 C ( 0 )0 M e) 2 ] w as the p ro d u c t ach ieved .

7.1.2 Preparation and analysis of [^Bu2 Sn(-OCH2 CH2 ^)]

D r. T . H ib b e rt a lso  p ro d u ced  th is co m p o u n d  at the U n iv e rs ity  o f  B ath . H O C H 2 C H 2 SH  

w as reac ted  w ith  tw o  eq u iv a len t o f  B uL i in  T H F . T h is  gave  th e  d ilith iu m  salt 

L iO C H 2 C H 2 SLi. W h en  th is w as reac ted  w ith  fB u 2 S n C l2 ] in  T H F , fo llo w ed  by  a 

C H 2 C I2  w o rk  up, fB u 2S n(-0C H 2C H 2^)] w as produced .

7.2 Reactions carried out

7.2.1 Reactions of tin tetrachloride, hydrogen sulfide and water

T in  te tra ch lo rid e  w as ad m itted  to  the  sy stem  using  a bu b b ler. T h e  b u b b le r tem pera tu re  

in all re ac tio n s  w as 70  °C . A  n itro g en  flow  o f  0 .5  dm ^m in'^ p asse d  th rough  the bubb ler, 

an d  w as fu rth e r d ilu ted  b y  10 dm ^m in'^ o f  n itrogen .

W a te r an d  h y d ro g en  su lfide  w ere  ad m itted  th rough  th e  sam e lin e  to  th e  reacto r. T he  

to tal gas flo w  in  th is line  w as 1.5 d m ^ m in '\  W a te r w as ad m itted  u sin g  a syringe. T he
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syringe driver expelled all water in 6  minutes, and 50 cm^ of water was used. The pipe 

into which water was injected was heated to 280 °C. Hydrogen sulfide flows of 0, 0.1 

or 0.2 dm^min'^ were used. This was augmented to a total o f 1.5 dm^min'^ with 

nitrogen. The plain line, which ran directly to the exhaust during reaction, contained a 

flow of 1 0  dm ^m in'\

Reactions were carried out at 400, 500 and 600 °C. At each temperature 3 reactions 

were carried out with each of the three hydrogen sulfide flows. Silica coated glass was 

used as the substrate in all reactions. Reactions were carried out over 30 s. Full 

reaction conditions are summarised in Table 7.1.

Table 7.1 Conditions for reactions of tin tetrachloride, hydrogen sulfide and water.

Bubbler temperature 70 °C

Reactor temperature 400, 500 or 600 °C

Temperature of pipe into which water is injected 280 °C

Flow rate through bubbler 0.5 dm^min^

Rate of syringe driver 50 cm^ in 6  min

Flow rate of hydrogen sulfide 0, O.I or 0.2 dm^min'^

Flow of nitrogen diluting line from bubbler 1 0  dm^min'^

Flow of nitrogen diluting H 2S and H 2O 1.5, 1.4 or 1.3 dm^min'^

Reaction time 30 s

Substrate Silica coated glass

Flow of nitrogen in plain line 1 0  dm^min'^

In these reactions, ca. 4 cm of water is expelled from the syringe during the reaction. 

This equates to 0.22 moles of water. Either 0, 0.05 or 0.1 dm^ of hydrogen sulfide will 

flow through the reaction chamber during the reaction. This would equate to 0, 0.002 or 

0.004 moles of hydrogen sulfide. It is clear in all cases that water is in vast excess over 

the hydrogen sulfide. As discovered in Chapter 3, tin has a greater affinity for sulfur 

than for oxygen, so higher amounts of water would be needed for any oxygen to be 

incorporated into the films.
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7.2.2 Reactions of [Cl2Sn(SCH2C(0)0Me)2] with hydrogen 

sulfide

[Cl2Sn(SCH2C(0 )0 Me)2] was involatile, so the aerosol delivery method was used. 0 . 1  

g of the precursor was dissolved in of acetone, 50 ml, and poured into the round- 

bottomed flask immediately prior to reaction. A nitrogen flow of 2 dm^min"^ flowed 

through the round-bottomed flask. Hydrogen sulfide of 0.2 dm^min'^ was used for some 

reactions, and a nitrogen flow of 1 dm^min'^ was used to dilute this. The nitrogen was 

used in all reactions, even where H 2S was not used.

Reactions were carried out until the entire precursor had been used up -  typically 25 

min. Reactions with hydrogen sulfide were carried out at all temperatures from 350 to 

600 °C at intervals of 50 °. W ithout hydrogen sulfide, substrate temperatures of 350, 

450 and 550 °C were used in the attempt to deposit a film. Silica coated glass was used 

as the substrate for all reactions.

7.2.3 Reactions of [^Bu2 Sn(-OCH2 CH2 S)] with hydrogen 

sulfide

This precursor was involatile and air-sensitive. The aerosol delivery method had to be 

used, and the sample loaded into the modified round-bottomed flask in a glove box. 

Solvents had to be dry and degassed and added using a Schlenk line. O f all the solvents 

investigated, [‘Bu2Sn(-OCH2CH 2S)] dissolved only in acetonitrile.

0.1 g of the precursor was dissolved in CH3CN, ca. 50 cm^, in the purpose designed 

round bottomed flask described in Chapter 2. This was attached to the reactor and 

nitrogen flowed past the flask during heating. During reaction, 2 dm^min'^ of nitrogen 

flowed through the round-bottomed flask and into the coater. This met with a 0.2 

dm^min'^ flow of hydrogen sulfide immediately prior to the coater, which had been 

diluted by 1 dm^min'^ of nitrogen. In some reactions hydrogen sulfide was not used, but 

nitrogen of 1 dm^min'^ was used in all cases.
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Reactions were carried out with hydrogen sulfide at all temperatures from 350 to 600 °C 

at intervals of 50 °C. W ithout hydrogen sulfide, reactions were carried out at 400, 450 

and 500 °C only. Reactions ran until all the precursor was expended -  typically 30 min. 

Silica coated glass was used as the substrate.

7.3 Results of reactions of tin tetrachloride, 

hydrogen sulfide and water

7.3.1 Visual appearance of films

W hen deposition reactions were carried out without hydrogen sulfide, no film was 

deposited. In the case of films deposited at 600 °C, films were grey-black in colour 

when 0.1 or 0.2 dm^min'^ hydrogen sulfide was used in the reaction. Films deposited at 

500 °C were grey when 0.1 dm^min'^ hydrogen sulfide was used, and brown when 0.2 

dm^min'^ hydrogen sulfide was used. At 400 °C films deposited were yellow in colour, 

however the film deposited with the higher hydrogen sulfide flow rate was more brown. 

All films were brown in reflection.

7.3.2 Raman microscopy

In the films deposited with hydrogen sulfide at 400 °C the spectra recorded all exhibit 

the familiar pattern of tin(lV) sulfide. A spectrum recorded for the film deposited with 

a 0.2 dm^min'^ flow of hydrogen sulfide is given in Figure 7.1.

Films deposited at 500 and 600 °C showed the familiar spectrum of tin(ll) sulfide along 

with another spectrum consisting of bands at 288, 223, 178 and 91 c m '\  For the film 

deposited at 500 °C with a hydrogen sulfide flow of 0.1 dm ^m in '\ all spectra recorded 

showed a mixture of tin(ll) sulfide and this second phase. At the same deposition 

temperature but with a hydrogen sulfide flow of 0.2 dm^min'^ the composition alters 

along the length of the film. Nearest to the gas inlet a mixture of tin(n) sulfide and the
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second phase is observed. Further the film bands due to these phases decrease in 

intensity and are replaced by bands corresponding to tin(II) tin(TV) trisulfide. In turn, 

these bands decrease and tin(IV) sulfide is observed. Spectra recorded along the length 

of this film are shown in Figure 7.2.

300100 150 200

Wavenumber I cm-1
250 350 400

Raman spectrum of the film deposited from tin tetrachloride, water and 0.2Figure 7.1

dm^min * hydrogen sulfide at 400 °C.

250 300 350 400100 150 200

Wavenumber / cm-1

Raman spectrum of the film deposited from tin tetrachloride, water and 0.2Figure 7.2

dm^min^ hydrogen sulfide at 500 °C, (a) closest to gas inlet (d) furthest from gas inlet.
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The films deposited at 600 °C with 0.1 and 0.2 dm^min'^ both show tin(II) sulfide and 

the new phase. The film deposited with 0.2 dm^min'^ flow of hydrogen sulfide shows 

the same relative intensity of bands at all points. When the lower hydrogen sulfide flow 

of 0.1 dm^min'^ was used, tin(II) sulfide bands decreased in intensity as bands 

corresponding to the new phase increased along the length of the film. Raman spectra 

recorded from the two films deposited at 600 °C are shown in Figure 7.3.

Ic

350150 200 250 300 4000 50 100

Wavenumber / cm-1

Figure 7.3 Raman spectrum of the film deposited from tin tetrachloride, water and (a) 0.1 

dm^min * or (b) 0.2 dm^min ' hydrogen sulfide at 600 °C.

7.3.3 Energy dispersive analysis by X-rays

EDAX was carried out on all films. Only tin, sulfur and silicon were analysed for. 

Results by percentage of total volume observed are given in Table 7.2. Excess volume 

was silicon in all cases.
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Table 7.2 Results of EDAX on films deposited from  tin tetrachloride, hydrogen sulfide and

water.

Coater temperature 400 °C 500 °C 6()o °c:

Hydrogen sulfide 

flow

% Sn % S Sn % S % Sn % S

0.1 dm min' 

0.2 dm^min'^

30 11

20 10 41 19

In all cases, the tin to sulfur ratio is high. Some of this may be due to calcium in the 

underlying glass, however this has only distorted the tin ratio by 1-2 % of the overall 

excitation volume. These large excesses indicate that tin is found in its elemental state 

or bound with something other than sulfur. Oxygen cannot be detected by the EDAX 

equipment used, so it is impossible to say whether there is any present from this result.

7.3.4 Scanning electron microscopy

(d)nnim

150832 20KV 150018 20KV }<è:èèj(‘ * 5 !è u »

Figure 7.4 SEM images o f films deposited from tin tetrachloride, water and hydrogen sulfide 

(see next paragraphs for details).
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SEM images of films deposited from tin tetrachloride, hydrogen sulfide and water are 

shown in Figure 7.4.

Figures 7.4a, 7.4b and 7.4c show films deposited with a 0.1 dm^min'^ flow of hydrogen 

sulfide at 400, 500 and 600 °C respectively. At 400 °C small particles are observed in 

the film. These are typically 200 nm across. Larger particles {ca. 0.5 x 3 |xm) are seen 

in the film deposited at 500 °C with a 0.1 dm^min'^ flow of hydrogen sulfide. At the 

highest temperature of 600 °C, particles are smaller {ca. 1 )Lim across). The larger 

number of particles observed on the surface of the film deposited at 600 °C with a 

hydrogen sulfide flow rate of 0.1 dm^min"^ is indicative of a higher rate of nucléation 

under these conditions.

Figures 7.4d, 7.4e and 7.4f show films deposited at 400, 500 and 600 °C respectively 

with a hydrogen sulfide flow rate of 0.2 dm ^m in'\ Again, very low surface coverage 

and small particles are observed at the lowest deposition temperature. At 500 °C, the 

film exhibits higher surface coverage and larger particles than observed in that 

deposited at 400 °C. Smaller particles are observed in the film  deposited at the highest 

deposition temperature. This is consistent with the trend observed in films formed with 

a hydrogen sulfide flow of 0.1 dm^min'^ during deposition.

At all deposition temperatures, the film deposited with a higher hydrogen sulfide flow 

rate has smaller particles. This indicates that higher hydrogen sulfide flow rate also 

increases nucléation rate.

7.4 Results of reactions of

[Cl2Sn(SCH2C(0 )0 Me)2 l with hydrogen sulfide

7.4.1 Visual appearance of films

All films were grey in colour. In all cases only the end of the substrate nearer to the gas 

inlet was coated. Ca. 3 cm was coated in all cases. The films were very thin, and
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interference was observed in the film deposited at 350 °C with hydrogen sulfide. Here, 

the film was grey, but yellow and blue interference patterns could be seen in reflection.

7.4.2 Raman microscopy

Raman spectra were recorded for all films deposited. Each showed only the familiar 

spectra of tin sulfide.

Films deposited with hydrogen sulfide showed a mixture of tin(IV) sulfide and mixed 

valent tin(II) tin(IV) trisulfide at 350 and 400 °C. Tin(II) sulfide was observed at 

temperatures of 450 °C and above, although the film deposited at 450 °C showed a very 

weak band due to Su2S3 .

In the case of films deposited without hydrogen sulfide, SnS2 was deposited at 450 °C 

and SnS at 550 °C. No spectrum could be recorded from the film  deposited at 350 °C as 

it was very thin. Bands were not shifted and no evidence was found for any phase of tin 

oxide being present. Tin sulfides are much stronger Raman scatterers than tin oxides, 

so if the two compounds were present together, only tin sulfide would be observed.

7.4.3 Energy dispersive analysis by X-rays

EDAX was carried out on all films. The films were very thin and breakthrough to the 

underlying glass occurred in all cases.

In the case of films deposited with hydrogen sulfide, whose substrate temperature 

during deposition was 400 °C or less a 2:3 tin to sulfur ratio was seen. Films deposited 

at 450 °C or above had a near 1:1 ratio of tin and sulfur.

Films deposited without hydrogen sulfide did not show a similar trend. The film 

deposited at 350 °C showed that tin and sulfur com prised <10 % of the excitation 

volume investigated. The observed tin to sulfur ratio was 5:2, however, due to the large 

volume of glass observed, this high tin content is probably influenced by calcium in the
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glass. The film deposited at 450 °C showed a 2:1 ratio of tin to sulfur, while that 

deposited at 550 °C exhibited a 3:2 ratio. These both show there to be more tin in the 

film than accountable for by tin sulfides alone.

In light of these results, it appears that tin sulfide films may be deposited when 

hydrogen sulfide is present in the reaction. Films deposited without hydrogen sulfide 

have higher tin content, which implies that either elemental tin is present or a tin 

compound of another element. The tin:sulfur ratio decreases with increasing deposition 

temperature regardless of whether hydrogen sulfide is present in the reaction or not. 

Oxygen may be present in the films, and this cannot be detected by the EDAX system 

used in this work.

7.4.4 Scanning electron microscopy

SEM images of films deposited from [Cl2Sn(SCH2C(0)0Me)2] with and without 

hydrogen sulfide are seen in Eig. 7.5

000040 20KV X30.§K'i;&«000059 20KV X2.00K 15.0um

Figure 7.5 SEM images of films deposited from [CbSn(SC H 2C (0)0M e)2l (see next paragraph  

for details).
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Figure 7.5a shows the SEM image of the film deposited from [Cl2Sn(SCH2C(0)0Me)2] 

at 400 °C with 0.2 dm^min'^ H 2S. Films deposited with H 2S at lower temperatures show 

similar morphology but smaller particles are observed with decreasing temperature. 

The film  deposited at 450 °C with hydrogen sulfide showed interlocking plates. This is 

shown in Figure 7.5b. The plates are less than 1 pm  across. Clusters appear at regular 

intervals in the film, where plates are smaller and most appear over a small area. In the 

film deposited at 500 °C (shown in Figure 7.5c) discreet plates are observed. These are 

ca. 1 pm  across. At higher deposition temperatures similar discreet plates are observed. 

H igher deposition temperatures lead to larger particles.

In the case of films deposited without hydrogen sulfide, virtually no particles are 

observed in the film deposited at 350 °C (Figure 7.5d). At 450 °C (Figure 7.5e) and 

550 °C (Figure 7.5f) small particles are observed. These are similar in size to those 

observed in films deposited with hydrogen sulfide, and at 450 °C they are deposited 

close to one another while at 550 °C they are discreet. The main difference from 

depositions with hydrogen sulfide is that particles are more rounded.

7.5 Results of reactions of [^BuzSn^-OCHzCH^)] 

with hydrogen sulfide

7.5.1 Visual appearance of films

All films were generally grey in colour. Those deposited at temperatures up to 500 °C 

with hydrogen sulfide had some brown areas. O f the films deposited with hydrogen 

sulfide, only those deposited at 400 and 450 °C coated the entire substrate. The film 

deposited at 350 °C had uncoated glass at the end nearest to the inlet and films 

deposited at temperatures higher than 500 °C only had the end nearer the inlet coated.

W ithout hydrogen sulfide in the reaction, no film was deposited at 400 °C. At 450 and 

500 °C thin coatings were produced over the first ca. 4 cm of the substrate only.
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7.5.2 Raman microscopy

150 200 250

Wavenumber / cm-1
300 350 400

Figure 7.6 Raman spectrum of the film deposited from [‘Buz^nC-OCHzCH^)] with hydrogen 

sulfide at 600 °C.

R am an spectra w ere recorded  for all film s deposited. All spectra show  the characteristic 

pattern due to tin(II) sulfide. O ther bands are also observed.

In all the film s deposited  w ith hydrogen sulfide, tin(II) su lfide is seen, along with m any 

sharp bands at low w avenum ber. O ne such typical spectrum  is show n in Figure 7.6. 

T his is the pattern  recorded  from  the film  deposited  at 600 °C.

If  the positions o f the bands are m easured, it is seen that they  are 5.18 cm'^ apart. This 

w as determ ined  by trial and erro r as som e bands are very w eak  and  others are absent.
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T he spectrum  o f the film  deposited  at 350 °C w ith hydrogen sulfide is show n in Figure 

7.7. T h is show s the spectrum  o f tin(II) sulfide m ore clearly , a lthough the regularly 

spaced  bands are also seen at low w avenum ber. W eak  bands are seen at 314 and 290 

cm'*. T hese  correspond  to the positions o f bands due to tin(IV ) sulfide, although they 

are approx im ate ly  equal in in tensity , a phenom enon that has not p reviously  been 

observed  in this w ork. T hese w ere observed  in all film s deposited  at tem peratures up to 

and includ ing  450  °C.

150 200

Wavenumber / cm-1
100 250 300 350 400

Figure 7.7 Raman spectrum of the film deposited from  ['B uzSnt-O C H ^flJs)] with hydrogen

sulfide at 350 °C.

Film s deposited  w ithout hydrogen sulfide also show  these bands, but they are less 

pronounced  than those seen in the film s deposited  w ith hydrogen sulfide. This m ay be 

partly  due to the bands being  stronger in film s deposited  at low er substrate tem peratures 

and, w ithou t hydrogen sulfide, film s could  only be deposited  at 450  °C and above.

T he appearance o f evenly  spaced bands in R am an spectroscopy  is a characteristic o f 

R esonance R am an Spectroscopy. In this technique, ra ther than using a laser o f arbitrary 

w avelength , the w avelength  is tuned to a particu lar elec tronic transition  w ithin the 

sam ple. T his results in few er transitions being excited , c larify ing  the spectrum . Also, 

those transitions observed  w ould  be m uch m ore intense, and m any m ore quanta will be 

seen. T here  is, how ever, no  potential com ponent o f the film  that m ay experience
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transitions of this frequency. Any organo-tin compounds residual in the film would be 

so bulky that rotational transitions would be of < 1 c m '\

It is possible that these transitions are a function of the glass substrate. No other films 

in this thesis were deposited on glass from this batch, while other coatings also show 

this phenomenon.

7.5.3 Energy dispersive analysis by X-rays

EDAX was carried out on all films. All films were very thin and so breakthrough to the 

underlying glass occurred in all cases.

Regardless of deposition temperature and presence or not of H 2S, all films exhibited a 

near 1:1 ratio of tin to sulfur.

7.5.4 Scanning electron microscopy

Figure 7.8 shows a representative sample of SEM images of films deposited from 

[‘BuzknC-OCHzCHjS)].

Figure 7.8a shows the film deposited from ['Bu2&n(-0CH2CH2^)] with hydrogen sulfide 

at 400 °C. This consists of very small particles, which appear to be beginning to 

coalesce into a film. At 500 °C long needles are observed. These are shown in Figure 

7.8b and are ca. 5 pm  in length. In Figure 7.8c, the film  deposited at 600 °C with 

hydrogen sulfide is shown to comprise flat, regular particles ca. 2 pm  across.

In the case of films deposited without hydrogen sulfide, at 400 °C (Figure 7.8d) small 

particles are observed. These are numerous, but irregular. At 500 °C, more regular 

particles are produced. They are also larger in size, but less prolific than those 

deposited at 400 °C. At each temperature, there appears to be more surface coverage 

when hydrogen sulfide is present in the reaction chamber.
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m

Figure 7.8 SEM images of films deposited from [‘BuiSn^-OCHaCHa^)] with hydrogen sulfide 

at (a) 400, (b) 500 and (c) 600 °C and without hydrogen sulfide at (d) 400 and (e) 500 °C.

7.6 Discussion and conclusions

T hree possib le m ethods o f p roducing  tin oxide sulfide film s w ere investigated . The 

principle problem  w ith this w ork is that the target m aterial is thus fa r unreported  in the 

literature. A num ber o f structures o f these three elem ents have been p roduced  around 

organic tem plates, but there is no record  o f a single phase. If a tin ox ide sulfide were 

produced, it w ould be d ifficu lt to characterise, as it w ould  be a novel m aterial.

In the case o f film s deposited  from  tin tetrachloride, hydrogen  sulfide and w ater, a novel 

phase was observed in the R am an. E nergy dispersive analysis by X -rays show ed  that 

the tin to sulfur ratio  was high, ind icating that tin was found  e ith er in its elem ental state 

or w ith oxygen bound to it. R atios w ere approxim ately  2:1 o f tin to  su lfur at all reaction 

conditions, w ithin the lim its o f the apparatus used.
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The new phase observed in the Raman microscopy has bands at 288, 223, 178 and 91 

c m '\  Three of these are in similar positions to those observed in tin(U) sulfide, namely 

221, 161-164 and 96-97 c m '\  The tin(II) sulfide band at 182-192 cm^ is not present 

and an extra band is observed at 288 c m '\  It is possible that this new phase is tin (H) 

sulfide with some oxygen incorporation. The absence of the band at 182-192 cm'^ is 

not significant, as it may be masked by the tin(II) sulfide band. The extra band may be 

a band which is not Raman active in tin(U) sulfide, but, with oxygen replacing some 

sulfur, becomes active in the less symmetric system.

This does not account for the large excess of tin encountered in the EDAX. This excess 

is indicative of a sulfur:oxygen ratio near 1:1, while the above postulation would only 

hold for very small amounts of oxygen doping. Higher levels of oxygen would alter the 

structure. It may be that there is also some tin oxide present. This would not be 

observed in the Raman, as tin sulfides are so Raman active. The small bands due to tin 

oxide would be completely overpowered by the tin sulfide bands.

W ith the two compounds investigated, which contained all the required elements of the 

final film, the results were not so exciting. Raman spectroscopy showed only tin 

sulfides, although in the case of films deposited from [^BuzSix-OCH^CHik)] some 

bands due to the glass were observed. EDAX showed more sulfur than tin, consistent 

with the observed phases in the Raman.

It is possible that, in the reaction of tin tetrachloride, hydrogen sulfide and water, a new 

phase was produced. This showed a similar Raman spectrum to that of tin (H) sulfide 

with one extra band. The band not observed may have been masked by the existing 

tin (n) sulfide band in that region. This new phase could not be formed alone, but only 

with tin sulfide, and tin oxide was probably present too, as indicated by the EDAX.
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Chapter 8 
Conclusions
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As a tool for depositing films of tin sulfide, chemical vapour deposition is a versatile 

technique. M any precursors may be used, with varying success. Different delivery 

methods can be applied depending on the properties of the precursor. Many parameters 

may be varied, with differing effects of the final film.

In this, the final chapter, the results of all reactions carried out in this thesis will be 

summarised and discussed. Firstly, the phases produced will be discussed. Many 

different precursors were used in this investigation, with different results intended. 

Some were successful and others not. Here, all the compounds investigated will be 

compared, and comparisons made. Also, previous literature results will be included and 

comparisons made.

The second consideration is the form of the final film. Some films were thicker than 

others and particle sizes and shapes differed. A number of the differences are likely to 

be due to the substrate, rather than the reaction conditions, so this section will not 

compare differences in films on different types of glass.

8.1 Phases produced

8.1.1 Summary of all results

The results of all reactions carried out in an attempt to form tin sulfides are reproduced 

in Table 8.1.

The first reactions carried out were those of tin tetrahalides with hydrogen sulfide. 

These provided the basis for much of the subsequent work carried out. It was shown 

that all phases of tin sulfides could be produced, higher deposition temperatures leading 

to lower tin oxidation states.

The reactions of tributyl tin tiifluoroacetate followed. As the precursor contained no 

sulfur, hydrogen sulfide had to be used again. Here, however, only tin(II) sulfide could 

be produced at all temperatures.
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Table 8.1

fîlms.

Sum m ary o f  results o f all reactions carried out in an attem pt to produce tin sulHde

Precursors H2S Substrate Temperature
range

Products

SnCU Yes Carbon-doped silica 
coated glass

300 - 500 °C SnS2
525 °C SU2S3
545 “C SnS

SnBr4 Yes Tin oxide/silica coated 
glass

300 - 450 °C SnS2
500 - 525 °C Sn2S3
550 - 600 "C SnS

[Bu3Sn0C(0)CF3] Yes Carbon-doped silica 
coated glass or tin 
oxide/silica coated 
glass

350 - 550 °C SnS

[Sn(SPh)4 ] No Carbon-doped silica 
coated glass

300 °C Sn3Û4

[Sn(SPh)4 ] 0.2 Silica coated glass 450 “C SnS2
500 °C SnS

[Sn(SPh)4l 0.4
dm^min"'

Tin oxide/silica coated 
glass

400 "C SnS2 + Sn2S3
450 °C Sn2S3 + SnS

[Sn(SCH2CF3)4l Yes Silica coated glass 300 - 400 °C SnS2
450 °C SnS2 + Sn2S3
500 “C Sn2S3
525 - 550 °C Sn2 S3 4- SnS
600 “C SnS

1 1 Yes Silica coated glass 300 °C SnS2
[Sn(-SCH2CH2S)2] 400 °C Sn2S3

525 - 550 °C SnS

[Sn(-SCH2CH2i)2l
No Silica coated glass 400 - 500 °C SnS

[Sn(SCPh3)2l no film
[Sn(S2CNEt2)4l Yes Tin oxide/silica coated 

glass
450 - 520 °C SnS

[Mc3S nS2 CNMeB u] Yes Silica coated glass 450 “C Sn2S3
500 - 550 °C SnS

[Me3SnS2CNMe2l No Silica coated glass 500 °C not tin sulfide or 
tin oxide

550 °C SnS

[Me3SnS2CnEt2l Yes Silica coated glass 450 °C Sn2S3 + SnS
600 °C SnS

[Me3SnS2CriEt2] No Silica coated glass 500 “C SnS

Following this, the search for a single source precursor began. M any precursors were 

investigated, with varying success.

Some reactions were carried out with the intention of producing tin sulfide selenides. In 

this case the precursor was (SPh)nSn(SePh)4 .n (n=0-4). Very little selenium was 

observed in the EDAX, always less than detection limits. Table 8.2 gives a summary of 

all reactions carried out in this series.
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Table 8.2 Sum m ary o f results o f ail reactions carried out in an attem pt to produce tin sulHde

selenide fîlm s.

Precursors H2 S Substrate Temperature
range

Products

[(SPh)„Sn(SePh)4.n] Yes Silica coated glass 300 “C SnS2
400 °C SnS2 + SnS
500 “C SnS

[(SPh)nSn(SePh)4_n] No Silica coated glass 400 "C SnS2
450 - 500 “C SnS

No mixed valent tin sulfide was observed. All SnS spectra showed shifts in the 

positions of the Raman bands, especially the ones deposited without hydrogen sulfide.

Further reactions were carried out in an attempt to produce tin oxide sulfide films. This 

material has not previously been reported in the literature. W ith such common 

elements, it is highly likely that synthesis has been attempted in the past, so it is 

probable that no stable phases at room temperature and pressure exist. The summary of 

all these reactions is given in Table 8.3.

Table 8.3 Sum m ary o f  results o f all reactions carried out in an attem pt to produce tin oxide

sulfîde film s.

Precursors Substrate Temperature range Products
SnCh, H2 S, H2O Silica coated glass 400 “C SnS2

500 and 600 °C SnS and oxygen 
doped SnS

[Cl2Sn(SCH2C(0)0Me)2], Ĥ S Silica coated glass 350 - 400 “C SnS2 + Sn2Sg
450 °C Sn2 S] + SnS
500 - 600 °C SnS

[Cl2Sn(SCH2C(0)0Me)2] Silica coated glass 350 °C no film
450 "C SnS2  + excess Sn
550 °C SnS + excess Sn

[‘Bu2Sn(-OCH2CH2i)], H2 S
Silica coated glass 350 - 600 °C SnS

['Bu2kn(-OCH2CH2^)i
Silica coated glass 450 - 500 °C SnS

8.1.2 Discussion of all results

From  the above summary, it is evident that temperature plays an important role in which 

phase is deposited. Full discussion of this is given in Section 3.8. The reason is that of 

all the possible combinations of tin sulfide and excess sulfur SnSi, Su2S3 + ViS, or SnS 

+ S, the last is the more thermodynamically favourable. SnS% is most likely to be 

formed as the kinetic product of the reaction, and at elevated temperatures or in the
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presence of H 2S reduction to SnS occurs, accompanied by oxidation of sulfur. The 

presence of hydrogen sulfide in the reaction chamber leads to lower oxidation state 

sulfides being formed at lower temperatures. It also aids reduction of tin sulfide films, 

when subsequently heated.

In almost all cases the transition from tin(IV) sulfide to tin(II) sulfide occurs at ca. 450 

°C. Around this temperature mixed valent tin sulfide is observed. In many cases it is 

found along side one or other of the binary compounds.

Exceptions to the above generalisation are as follows.

Tin tetrahalides undergo the transition from tin(IV) sulfide to tin(II) sulfide at 

525 °C.

[Bu3Sn0C(0)CF3] only forms tin(II) sulfide.

[in (-SC H 2CH2^)2] forms Su2S3 at 400 °C when H 2S is present, and forms SnS 

at 400 °C in the absence of H 2S.

The reaction of [Bu3SnOC(0)CF3] with hydrogen sulfide evidently has tin(II) sulfide as 

the kinetic product as well as the thermodynamic product. Some of the possible 

reactions were given in Chapter 4.

[Bu3Sn02CCF3] + 2 H 2S SnS + 3BuH + H 0C (0)C F3 + S Equation 4.1 

[Bu3Sn02CCF3] -> [Bu2Sn] + B u0C (0)C F3

\L H2S Equation 4.2

SnS + 2BuH

Equation 4 .1 assumes oxidation of sulfur, as was reported in Chapter 3 for the reaction 

of tin tetrachloride with hydrogen sulfide. Equation 4.2, which involves reductive 

elimination to a tin (H) species seems more likely. If  the reductive elimination step is 

sufficiently facile, a tin(II) species remains, which would not be oxidised to a tin(IV) 

species.

APCVD reactions of tin tetrahalides with hydrogen sulfide and of [^n(-SCH 2CH2^ )2] 

with hydrogen sulfide both give all three phases of tin sulfide, but the temperatures at 

which each is accessible varies from the trend shown by all other compounds 

investigated. This is indicative that the reaction mechanism does not go via the same 

intermediate in all cases.
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Tin tetrahalides are markedly different from other precursors used in this work, so it is 

unsurprising that they follow a different route. In this case it is possible that the 

reaction forms tin(IV) sulfide directly and then this is converted to tin(II) sulfide. The 

temperatures at which conversion occurs to previously deposited films are very similar 

to those at which the different tin sulfides are deposited directly from tin tetrahalides.

In the cases of other reactions, the precursors are very similar, especially in the direct 

environment surrounding tin. As confirmed in Chapter 5, reaction of the precursors 

alone produces tin oxide, so the tin-sulfur bonds appear to be fairly easily broken. 

Bearing this in mind it is probable that the mechanism of reaction in all these cases 

involves loss of the ligands followed by reaction of a tin atom with hydrogen sulfide. 

This is likely to be the cause of the observation that different phases of tin sulfide are 

formed at different temperatures. Deviation of [sïï(-SCH 2C H ^ ) 2] from this 

generalisation, accompanied by the fact that tin sulfide is accessible despite not using 

hydrogen sulfide indicates that a different mechanism occurs here. In this case, loss of 

ligands is prohibited by the chelate effect.

8.1.3 Comparison with previous work

All the work described here, has also been reported fully in Chapter 1.

The only previously reported examples of formation of tin sulfide by chemical vapour 

deposition both involved formation of tin(II) sulfide. Plasma-enhanced CVD using 

SnCU and H 2S at 100 °C produced SnS with SnCU, SnCU and sulfur contaminants.^ At 

200 °C, pure SnS was formed. Variation of plasma power also affected the 

contamination of the film. Higher plasma power was sufficient to decompose H 2S, so 

sulfur was included in the film. Further increases in power led to decomposition of 

SnCU, and pure SnS formed.

Tetraethyl tin and hydrogen sulfide have been used in a CVD reaction to form tin(II) 

sulfide.^^ In this case, no characterisation was carried out and films were assumed to be 

tin(n) sulfide based purely on the fact that the atmosphere was reducing. Films were 

observed to be yellow when thin and black when thick, which was observed for films of 

tin(rV) sulfide deposited from SnCU and H 2S in this thesis.
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The work in this thesis contrasts both the existing CVD reports of tin sulfide. In the 

case of PECVD^ impure films were formed, yet tin(II) sulfide was deposited at lower 

temperatures. This thesis showed no contamination by chlorine, and for films analysed 

by XPS no elemental sulfur was observed. In a few cases oxygen was present, or 

tin:sulfur ratios indicated this was likely.

Observations made in the work on organometallic CVD are shown to contradict the 

result postulated.^^ This shows the importance of detailed analysis of products, rather 

than speculating what may have been produced based solely on colour and what one 

intended at the outset.

Spray pyrolysis of SnCb and N,N-dimethylthiourea^^’̂  ̂ produced tin sesquisulfide 

below 370 °C and tin monosulfide between 370 and 390 °C. Higher temperatures were 

found to produce tin oxide. Temperature observations here agree with those discovered 

in this thesis, namely higher temperatures leading to lower tin oxidation states in the 

sulfide. It is, however, significant that tin oxide was not produced when hydrogen 

sulfide is used in reactions. Sulfur is more accessible in this gas than in N,N- 

dimethylthiourea.

M any groups used deposition from solution as a viable technique in the formation of tin 

sulfides. Although the initial setting up of a CVD rig is more costly and time 

consuming, reactions thereafter are as simple. Also, the CVD reaction does not require 

the reagents to be soluble or miscible. Complicated combinations of reagents, 

sometimes involving complexing agents for tin compounds are required, for deposition 

from solution. W ith CVD, reagents of any phase may be used, with any solvent for 

involatile liquids. The solvent does not affect the reaction, as it is evaporated the instant 

it arrives in the reaction chamber, while in the case of solution depositions, the chosen 

solvent is critical to the reaction.

8.2 Forms of film produced

The physical properties of the final film are important if it is to be considered for
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electronic applications. Many factors affect the nature of the final film, although one of 

the key considerations is the substrate.

8.2.1 Description of films

Few reactions were carried out on carbon-doped silica coated glass. The only ones were 

the reactions of tin tetrachloride with hydrogen sulfide, and the initial reactions of 

tributyl tin trifluoroacetate. These are recounted in Table 8.4.

Table 8.4 Sum m ary o f  m orphologies observed in  film s deposited on carbon-doped silica

coated glass.

Precursors Temperature range Phase Morphology
SnCU, H2 S 300 - 350 °C SnS2 Irregular needles

375 - 475 °C SnS2 Interlocking plates
525 "C Sn2S3 Rounded ill-defined particles 

with regular overlying needles
545 ”C SnS Rounded ill-defined particles

rBu3SnOC(0)CF3], H2S 400 °C SnS Small round particles
450 “C SnS Large regular particles

In general, all films deposited onto carbon-doped silica coated glass were very thick.

A large num ber of reactions were carried out on tin oxide/silica coated glass. Table 8.5 

gives details of these.

Table 8.5 

glass.

Sum m ary o f m orphologies observed in fîlm s deposited on tin oxide/silica coated

Precursors Temperature range Phase Morphology
SnBr4, H2S 300 - 350 “C SnS2 Irregular needles

375-375 “C SnS2 Interlocking plates
above 525 °C Sn2S3 or SnS Regular needles

rBu3Sn0C(0)CF3l, H2S 400 - 500 °C SnS Wavy particles with overlying 
rectangular plates

[Sn(SPh)4 ], H2S 500 “C SnS Clusters of regular plates
[Sn(S2CNEt2)4l, H2 S 450 - 520 °C SnS Clusters of plates and needles
[Me3SnS2CNMe2l, H2 S 500 °C not tin sulfide 

or tin oxide
Interlocking plates

550 °C SnS Wavy particles with large 
clusters of irregular plates

[Me3SnS2CNEt2], H2 S 450 °C Sn2 S3 + SnS Wavy particles with overlying 
rectangular plates

M any more films were deposited on silica coated glass. These are detailed in Table 8.6.
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Table 8.6 Summary of morphologies observed in fîlms deposited on silica coated glass.

Precursors Temperature range Phase Morphology
[Sn(SCH2CF3)4l, HzS 400 - 450 “C SnS2 Wavey interlocking plates

450 - 550 °C SU2S3 Long regular needles
550 - 600 °C SnS Cuboidal particles

[Sn(-SCH2CH2^)2l, H2S
350 °C SnS2 Small particles
400 "C Sn2S3 Interlocking plates
500 ”C SnS Square particles twinned to 

resemble butterflies

[L(-SCH2CH2^)2l
400 - 450 °C SnS Clusters of small irregular plates

500 - 550 “C SnS Large discreet square plates

[Mc3SnS2CNMeBu], H2S 450 - 550 °C Sn2 S3 or SnS Small rounded plates

8.2.2 Discussion of morphologies

In almost all cases films of tin(IV) sulfide are found as arrays of interlocking irregular 

plates. For films deposited from tin tetrahalides with hydrogen sulfide, some irregular 

needles were observed. These were in no way similar to the needles observed when 

tin(II) tin(IV) trisulfide was formed, but were much less regular.

Films that were analysed as being tin sesquisulfide exhibited long needle particles in all 

cases.

Almost all films that were analysed as being tin(II) sulfide showed small square plates. 

Films deposited from tin tetrachloride with hydrogen sulfide on carbon-doped silica 

coated glass showed the exception to this. This may have been a function of the 

substrate, however films deposited from tributyl tin trifluoroacetate on the same 

substrate showed large flat particles.

For films deposited on tin oxide / silica coated glass, many showed a wavy structured 

accompanied by overlying particles. This was not observed in coatings on any other 

glass, so is almost certainly a property of the substrate.
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8.3 Conclusions

Overall, it may be concluded that it is possible to produce a variety of different tin 

sulfide coatings on glass by Atmospheric Pressure Chemical Vapour Deposition. A 

number of factors alter the final film and a number of variations in the product are 

observed.

The simplest method of producing tin sulfide coatings, was that carried out in the initial 

reactions. Using tin tetrachloride or tin tetrahalide with hydrogen sulfide forms films of 

all tin phases in a short period of time. All films were relatively thick, and surface 

coverage was high.

M any of the reactions to prepare precursors used these reagents, or other equally toxic 

substances. Also, in most cases hydrogen sulfide was essential in forcing the product to 

be tin sulfide rather than tin oxide. This negates the use of m olecular precursors in most 

cases.

The two main hindrances to the development of single source precursors were the 

unavailability of pure nitrogen and the facile loss of ligands about tin. As tin and sulfur 

are in different rows of the periodic table, the overlap of atomic orbitals is less, so 

weaker bonds are formed. This assists loss of ligands to leave highly active tin species 

susceptible to attack by minuscule amounts of water in the nitrogen supply.

The one exception was in the case of tin(IV) r^^-ethane dithiolate which produced films 

of tin(II) sulfide without hydrogen sulfide being necessary.

The morphology of films depended on the substrate used. Uniform coverage was not 

found for tin(II) sulfide except where carbon-doped silica coated glass was used as the 

substrate. In the case of tin oxide / silica coated glass and pure silica coated glass large 

square plates were formed.

Forming tin sulfide selenides was attempted. Morphologies of particles were similar to 

those observed in the case of binary tin sulfides. Selenium was detected in the EDAX,
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but at lower levels than sulfur. This was unexpected as sulfur and selenium were 

introduced into the reaction in equal amounts. Raman spectra were recorded with shifts 

in the band positions. This is to be expected since corresponding tin sulfides and 

selenides have the same structure, so a mixture would have an intermediate structure.

Forming tin oxide sulfides was not proven, and the lack of literature reports suggests 

that this compound is not stable at normal temperature and pressure. A Raman 

spectrum was recorded, which was similar to that of tin(II) sulfide, however bands were 

shifted. It may be possible that this was oxygen-doped tin(II) sulfide.
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