
 

1 

 

 

Solution-Processed Nanomaterials for 

Applications in Photoelectrochemical 

Solar Cells 
 

Xuemei Zhang 

 

Supervised by Prof. D. Jason Riley 

 

A Thesis Submitted in Fulfillment of the Requirements 

for the Degree of Doctor of Philosophy of Imperial 

College London 

 

 

Department of Materials 

Imperial College London 

December 2015 

 



 

2 

 

 



 

 

3 

 

 

I, Xuemei Zhang, declare that the work presented in this thesis is my own. Where information has 

been derived from other sources, I confirm that this has been indicated in the thesis. 

Xuemei Zhang 

1st December 2015 

 

 

 

 

 

 

 

‘The copyright of this thesis rests with the author and is made available under a Creative Commons 

Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or 

transmit the thesis on the condition that they attribute it, that they do not use it for commercial 

purposes and that they do not alter, transform or build upon it. For any reuse or redistribution, 

researchers must make clear to others the licence terms of this work’ 

 

 

 



Acknowledgement 

 

4 

 

Acknowledgement 

Firstly I would like to thank my supervisor Prof. Jason Riley for giving me an opportunity to study at 

Imperial College and providing unwavering help and support for my PhD project. Jason’s optimistic 

personality has a positive influence on my attitude towards work; his encouraging comments have 

always helped me regain my confidence when I have a bad time. 

I would also like to thank Xu, Daniel, Heng, Rosalia and Zaynab for offering help for the work and life, 

and also sharing ideas and laughter in the lab. I appreciate the technical support from Catriona, 

Mahmoud, Cati, Richard and Ben. I also want to thank Marc and Tony for their help with the coding 

and calculation work. Without the help from all these people, this thesis could not be completed.  

A group of lovely people in my office are the angels in my PhD life. Claire, Jorge, Rob, Yoann, Jiaqi, 

Tian, Becky, Maurizio, Bob and their supervisor Martyn make the office full of joy, fun and snacks. I 

enjoy their company in my daily life, and appreciate their support for my PhD research, their help 

with my English and their invitation for all kinds of interesting activities. They make my PhD life full of 

colours. I will also thank the new group members, Joe and Weixin, for bringing happy atmosphere to 

the lab. A special thank is given to Jiahui who offers lots of help for my experiment and also plenty of 

care for my life. I also thank Zhan Yuin for giving encouragement for my thesis writing. I would also 

like to thank Fang and Mary for their useful suggestions for the PhD life and help with the project, 

and Sandrine for offering financial support at the final stage of my PhD.  

Finally, I would like to thank my family. Their love and care are the most beautiful and invaluable 

things in my life, which gives me courage to explore the world without fear. At the end, I want to 

thank my husband Zhong who always backs me up, shares my laughter and wipes my tears. 

  



Abstract 

5 

 

Abstract 

Quaternary Cu2ZnSnS4 (CZTS) and binary Bi2S3 are considered as potential photovoltaic materials due 

to their suitable electronic and optical properties, low-toxicity and earth-abundant elemental 

constitution. This thesis investigates the preparation of CZTS and Bi2S3 nanocrystals in solution-based 

approaches and examines their applicability in photoelectrochemical solar cells with an aim of 

fabricating low-cost photovoltaics. 

CZTS nanocrystals with the kesterite crystal structure were prepared by a hot-injection method in 

which elemental sulfur was used as the sulfur source. The synthetic conditions were optimized in 

order to obtain high-quality CZTS particles. The kesterite CZTS nanocrystals were explored as both 

the sensitizers in photoanode and the building blocks for fabricating thin films. CZTS sensitized TiO2 

thin films were used as photoanodes in semiconductor sensitized solar cells (SSSCs); CZTS 

nanocrystal thin films were employed as photocathodes in dye sensitized solar cells (DSSCs). 

In addition, wurtzite CZTS nanocrystals were also synthesized by a hot-injection method in which an 

alternative sulfur source, dodecanethiol, was used. In order to examine the influence of metal 

nanoparticles on the performance of CZTS photocathodes, Au nanoparticles were introduced in the 

synthesis which led to the formation of core-shell Au@wurtzite CZTS nanoparticles. The performance 

of those core-shell nanoparticles as a photocathode material was tested in DSSCs.  

A novel method was developed for the in-situ preparation and deposition of Bi2S3 nanocrystals in the 

porous TiO2 thin films. Photoresponse studies showed that the in-situ generated Bi2S3 nanoparticles 

function as good sensitizers to TiO2 thin films. The Bi2S3 sensitized TiO2 thin films were investigated as 

photoanodes in SSSCs. 
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Chapter 1. Introduction 

Depletion of fossil fuels in combination with an attempt to reduce global greenhouse gas emission 

demands alternative clean energy sources. Electricity generated from nuclear power and renewable 

resources is currently available. Safety issues of nuclear power generation and problems of nuclear 

waste disposal have limited the utilization of nuclear power for electricity generation 1, especially 

after the occurrence of the Fukushima nuclear accident. Electricity can be generated from hydro, 

wind, tide, geothermal and solar power using much safer approaches. Among various renewable 

resources, solar radiation attracts most attention because it is the largest sustainable and most 

abundant energy source. Solar cells are devices which can convert solar energy to electricity. The 

topic of this thesis is solution-processed materials for applications in solar cells.  

In the following sections of this chapter, the background, basic principles and development of solar 

cells are firstly described. In the latter sections, two earth-abundant and low-cost semiconductors, 

Cu2ZnSnS4 (CZTS) and Bi2S3, are introduced. These two materials are the focus of the work presented 

in this thesis. A literature review on the preparation and application of each material of this study is 

presented. In the final section, the outline of the thesis is presented. 

1.1 Background  

1.1.1 Solar Energy as a Potential Energy Source 

World total primary energy consumption in 2011 was about 14,000 Mtoe (million tons oil equivalent, 

1 Mtoe = 11.63TWh) as revealed by a survey conducted by the World Energy Council 2. As shown in 

Figure 1-1, the consumption is predicted to increase to about 17,000 Mtoe in 2020, of which 76% will 

be provided by fossil fuels 2. However, fossil fuels reserves are limited. BP reported that the proved 

oil reserve at the end of 2014 can meet the global oil production for just over 50 years 3. Shortage of 

fossil fuels has potential to cause economical and political conflicts in the future. Moreover, 

greenhouse gases emitted by the burning of fossil fuels will cause further global warming and 

long-lasting changes in the climate system, increasing the likelihood of severe, pervasive and 
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irreversible impacts for people and ecosystems 4. To reduce energy reliance on fossil fuels, it is 

important to utilize renewable resources to meet the ever-increasing energy demand. 

 

Figure 1-1. World total primary energy consumption in 2011 and 2020 (predicted). Data comes from 

reference 2.  

Solar energy is the most abundant and sustainable resource on earth. Solar radiation reaches the 

earth surface at a rate of about 100 petawatts per second 5 . Even if a small fraction of solar energy 

can be converted to electricity, the world energy problem will be solved. Electricity can be generated 

from sunlight by using solar cells based on photovoltaic technologies. Photovoltaic technologies not 

only provide a potential solution to deal with the energy crises globally in the future but also can 

tackle the current energy supply issue in developing countries where sunlight is plentiful but no 

electricity infrastructure has been built. 

1.1.2 Photovoltaic Market 

The photovoltaic market has grown fast over the last few years. According to a report on the solar 

power market made by SolarPower Europe (the European Photovoltaic Industry Association) 6, the 

global cumulative photovoltaic capacity reached 178 GW by the end of 2014. In Europe, Germany 

was the market leader. It had a cumulative installed capacity of 38 GW by the end of 2014, 

accounting for about 21% of the worldwide capacity. The United Kingdom had a cumulative solar 

capacity of 5 GW in the same year but recently the solar power use in this country has increased 

rapidly. By the end of July 2015, the overall UK photovoltaic capacity had risen to more than 7 GW 7. 

Outside Europe, China, Japan and the US are the top installers. Although great progress has been 
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made globally, solar energy only contributes to a small percentage of the total energy produced. Take 

US as an example, solar power only contributes 2% of all renewable electric power consumption in 

2014 8, as plotted in Figure 1-2. One important reason for this situation is the higher cost of 

electricity generated by solar cells compared with electricity generated by fossil fuels. For instance, 

the levelized cost of electricity (LCOE) generated by photovoltaic technology is nearly double that 

from coal 9. To make solar generated electricity a truly affordable energy supply, a breakthrough in 

improving cell conversion efficiency and reducing module fabrication cost is imperative. 

 

Figure 1-2. US renewable energy consumption by source in 2014. Data comes from reference 8.  

1.2 Fundamentals of Photovoltaics 

Solar cells are devices which are able to convert sunlight to electricity. The operation of a solar cell 

depends on three important steps, generation, separation and collection of charge carriers. When 

sunlight is incident on the absorber material in a solar cell, typically a semiconductor, photons which 

have energy higher than the bandgap ( > ) can excite electrons from the valence band of the 

semiconductor into the conduction band, leaving holes in the valence band. In a traditional bulk p-n 

junction solar cell, the photogenerated electrons and holes are driven in opposite directions due to 

the electron free energy gradient at the junction 10. Collection of charge carriers at respective 

contacts results in the generation of electricity in the circuit. The open circuit voltage (VOC) of solar 

cell increases as the bandgap of the semiconductor rises. However, if the bandgap value is too high, 

only a limited portion of photons in the sunlight spectrum can be utilized under solar illumination 
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and small short circuit current (JSC) will be obtained. As energy conversion efficiency of a solar cell is 

related to both VOC and JSC, there must be an optimal bandgap for the maximal efficiency. Based on 

the air mass 1.5 (AM 1.5) solar spectrum, the optimal bandgap of the absorber material in a 

single-junction solar cell is calculated to be 1.4 eV and a cell made from such a material has a 

theoretical maximal efficiency of 33% 11, known as the Shockley-Queisser limit. The calculation 

provides a guideline for solar cell material selection. Ideally, the bandgap of a photovoltaic material 

should be near 1.4 eV to ensure effective utilization of solar radiation. 

In the hope of improving cell efficiency and even overcoming the Shockley-Queisser limit, devices are 

designed and fabricated with different concepts as alternatives to traditional bulk p-n junction cells. 

Development in nanotechnology facilitates new strategies for the operation of solar cells. As 

aforementioned, an electron free energy gradient is responsible for the charge separation in a p-n 

junction solar cell where charge mobility is high, but in the photoelectrochemical cells such as 

dye/semiconductor sensitized solar cells the charge separation is found to be kinetically driven. 

1.3 Development of Photovoltaic Materials and Technologies 

Since the first observation of the photoelectric effect in 1839 12, continuous and extensive study has 

been carried out on the subject of converting sunlight to electricity. Solar cells based on various 

concepts have been fabricated by employing different technologies. An enormous effort has been 

made to push the solar cell products onto the global energy market. However, today solar generated 

electricity still only contributes a small percentage of total electricity consumption worldwide. To 

have real-world applications, it is important to increase the cell conversion efficiency and also reduce 

the cost of manufacture, such that the price of electricity produced from solar power is competitive 

with that from coal and natural gases. Advances in both materials and devices are critical to meet 

these requirements. In the following sections, the development of solar cells in terms of materials 

and fabrication technologies are briefly summarized.  

1.3.1 Materials 

The most important component of a solar cell is the absorber material which is able to harvest 
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sunlight and generate charge carriers. Currently silicon is undoubtedly the most widely used 

photovoltaic material. Solar cells made from single crystalline silicon have reached a maximal 

efficiency of 25% at the laboratory scale 13. Polycrystalline silicon is also successfully employed in 

solar cells which exhibit a maximal efficiency of 20% 13. Together, crystalline silicon based solar cells, 

so-called first generation solar cells, are dominating the photovoltaic market. However, theoretically 

silicon is not the ideal semiconductor for photovoltaic application because it has an indirect bandgap 

of 1.1 eV which is not optimal according to the aforementioned Shockley-Queisser limit calculation. 

The indirect bandgap results in a low optical absorption coefficient, which means silicon wafers with 

a thickness of a few hundred micrometers are needed for effective sunlight absorption. This 

thickness necessitates the use of high-purity material for good charge transport. This is why 

impurities and defect level in crystalline silicon are strictly controlled to ensure production of 

high-quality material. 

Motivated by cost reduction, direct bandgap semiconductor materials which have an optimal 

bandgap value are used as alternatives to crystalline silicon. The higher optical absorption coefficient 

of direct bandgap semiconductors allows a large decrease in material consumption and hence a 

potential lower cost. For example, for a semiconductor which has an optical absorption coefficient 

on the order of 104 cm-1, a film of a few micrometers is enough for effective sunlight absorption. 

Instead of using a silicon wafer, a thin film is deposited on a substrate as an active layer. Solar cells 

based on thin film technology are known as second generation photovoltaics (PVs). Typical examples 

are gallium doped copper indium selenide (CuInXGa1-XSe2, CIGS) solar cells and cadmium telluride 

(CdTe) solar cells, both of which show maximal conversion efficiency of ca. 21% 13, which is close to 

the maximal cell efficiency of polycrystalline silicon solar cells. Although CIGS and CdTe thin film solar 

cells are both commercialized, scarcity of indium and gallium and toxicity of cadmium pose potential 

limits for large-scale application. 

Recently there has been a move towards finding alternative active materials. Various materials are 

now used for photovoltaic applications such as other inorganic semiconductors, organic dyes 14, 

polymers 15 and the newly emerging hybrid perovskite materials 16. Among these, traditional active 
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inorganic semiconductors have received most attention, especially the ones based on low-toxicity, 

low-cost and earth-abundant elements. Derived from CIGS by replacing indium, gallium and selenide 

with zinc, tin and sulfide, the quaternary compound Cu2ZnSnS4 (CZTS) has been identified as a 

promising photovoltaic material. All four constituent elements have low toxicity and are abundant in 

the Earth’s crust, making it an inexpensive and sustainable material. This semiconductor also has a 

direct bandgap with a suitable value of 1.5 eV and a high optical absorption coefficient. These 

properties make it an ideal material for solar cells. Thin film solar cells made from CuZnSn(S,Se)4 has 

showed a maximal efficiency over 12% 17. Meanwhile, a binary compound Bi2S3 also possesses an 

ideal direct bandgap and a high absorption coefficient. Compared with other binary optoelectronic 

materials based on Cd, Pb cations and Te, Se anions, Bi2S3 has a much lower toxicity, making it a 

promising solar cell material. The two sulfides, binary Bi2S3 and quaternary CZTS, have been 

investigated as potential photovoltaic materials in this thesis.  

1.3.2 Technologies 

First generation solar cells, the crystalline silicon based solar cells, rely heavily on silicon wafer 

production technology. This technology has been in place since the 1960s first driven by the 

microelectronics industry 18, although nowadays the solar cell industry consumes more silicon wafers 

than the microelectronics industry. Manufacturing of silicon wafers is an energy-demanding process 

because growth of silicon ingots requires very high temperatures. It is estimated that silicon 

processing takes about 85% of the energy input of the completed module, while the module itself 

takes 54% of the total installation cost 19. The high energy input for the production of high-purity 

silicon is considered to be one factor for the high price of photovoltaics, although the technical 

advances in both crystal growth and wafering techniques keep lowering the silicon wafer production 

price and hence the solar cell fabrication cost.  

Thin film technology opens the door for the second generation solar cells which aim to reduce 

module cost by decreasing material consumption, alleviating the need for high-purity material and 

using cheaper substrates such as glass, plastic and metal. Compared with first generation solar cells, 

the manufacturing costs of thin film solar cells are reduced. However, electricity generated by this 
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generation of solar cells is still not sufficiently cheap to compete with that from traditional energy 

sources. One reason is the lower efficiency of commercial thin film modules compared with 

crystalline silicon based solar cells. It should also be noted that traditional thin film fabrication 

generally involves high-temperature and/or high-vacuum techniques such as evaporation, sputtering 

and chemical vapor deposition. These high-energy input processes prevent reduction of the 

fabrication cost. 

To drive down fabrication cost, solar cell devices formed by solution based technologies are highly 

desirable. This is one direction for the development of the third generation solar cells. Advance in 

nanotechnologies have accelerated the evolution of new strategies for solar cell design and 

fabrication. In the past few years, colloidal semiconductor nanocrystals have emerged as important 

candidates as light absorbers because of their simple and inexpensive synthesis, tunable optical 

absorption and potential in developing high-efficiency devices. The task of this thesis is to synthesize 

semiconductor nanocrystals in solution-based processes and check their feasibility for photovoltaic 

applications, especially for low-cost photoelectrochemical solar cells. 

1.4 Colloidal Nanocrystals for Photovoltaics 

Solar cells based on colloidal nanocrystals have attracted considerable interest mainly due to their 

potential in inexpensive production. The low manufacturing cost is associated with the simplicity of 

both material synthesis and device fabrication processes, which generally involve lower energy input, 

less complicated equipment and less demanding fabrication conditions.  

1.4.1 As Building Blocks for Thin Films 

One important reason for the high cost of commercially available solar cells is that current 

fabrication techniques cannot easily be implemented in a high throughput or roll-to-roll fashion, 

which results in relatively low production rates and hence a high cost of the product. Colloidal 

nanocrystals provide an attractive and convenient alternative for making semiconductor thin films. 

Colloidal nanocrystals synthesized via simple and cheap solution-based routes can be readily 

dispersed in a solvent to make an ‘ink’. Since the ink can be deposited on a substrate by facile and 
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economical deposition techniques such as drop-coating, spin-coating, dip-coating or other printing 

methods, film fabrication is expected to be inexpensive and efficient. Moreover, both rigid supports 

such as soda lime glass and flexible supports such as plastics and metal foils can be employed as 

substrates for thin film deposition. Potentially, a roll-to-roll printing technique can be achieved for 

large-scale and high-throughput device manufacturing.  

Thin films from nanocrystals can be used as deposited directly or after a thermal annealing at 

relatively low temperature (< 600 oC). Thermal treatment may have two advantages. The first is to 

remove the organic ligands introduced in the nanocrystal synthesis. These organic molecules on the 

surface of nanocrystals can act as an insulation layer and thus removing them can facilitate electron 

transport. The second is that annealing sometimes leads to the formation of large-grained films due 

to the lowered melting point of nanocrytals. The resulting large-grained films are advantageous for 

making high performance devices. Intensive studies have been carried out on two materials, CdTe 

and CIGS, motivated by their success in commercialized thin film solar cells. CdTe and CIGS solar cells 

were fabricated from thermal annealed nanocrystal thin films. Agrawal’s group at Purdue University 

first demonstrated the fabrication of CuInSe2 thin films by using CuInSe2 nanocrystal ink combined 

with post-annealing in selenium vapour in 2008. CuInSe2 thin films composed of large crystal grains 

were formed by the sintering of nanocrystals. The devices based on such films had a maximal power 

conversion efficiency of 3.2% 20. One year later, by using Cu(In1-XGaX)(S1-ySey)2 (CIGSSe) nanocrystals 

as an alternative to CuInSe2 nanocrystals, the same group improved the device efficiency to 4.7% 21. 

In the next few years, they continuously worked on optimizing device fabrication. The efficiency of 

devices made from CIGSSe nanocrystal ink reached 12% in 2013 17. At the same time, CdTe 

nanocrystal based solar cells were also under intensive study. The group of Alivisatos was among the 

first to utilize CdTe nanoparticles for solar cell farbication. They reported a device made from a 

sintered CdSe-CdTe (donor-acceptor) bilayer of CdSe and CdTe nanorods 22. The device showed a 

power conversion efficiency of ca. 3%. Carter fabricated a Schottky structured device from a single 

layer of p-type CdTe nanorod thin film which exhibited a power efficiency of 5% 23. Mulvaney and 

coworkers deposited CdTe thin films from spherical nanocrytals and made CdTe(Se)/zinc oxide (ZnO) 
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heterojunction structured solar cell which yielded an efficiency of over 7% 24, 25. Employing a similar 

cell structure Luther improved the device efficiency to 11% by optimizing the fabrication technique 

of the ZnO layer 26.  

To keep the energy input minimum, however, the most ideal situation is to use the as-deposited thin 

film without thermal treatment. Moreover, if a thin film is made from nanocrystals which are 

quantum confined, annealing may cause loss of the desired optical and electronic properties. Devices 

which are fabricated from non-annealed nanocrystal thin films therefore have attracted much 

interest. PbS nanocrystal based devices are extensively studied. In the early research stage, PbS 

nanocrystal thin films were incorporated into Schottky cells 27. Later PbS nanocrystal based p-n 

junction cells were developed 28-30, in which wide-bandgap materials such as TiO2 and ZnO were used 

as an n-type component. In recent years, the performance of PbS nanocrystal based heterojunction 

cells have been improved by adopting new ligand strategies. Sargent’s group at Toronto University 

specializes in surface engineering of PbS nanocrystals by changing the types of ligands on the 

nanocrystal surface. This group reported that device fabricated with as-synthesized PbS without 

special surface treatment exhibited a maximal conversion efficiency of 5.6% 31. However, after 

surface treatment such as replacing the long ligands with shorter organic linkers or inorganic halide 

anions, the cell efficiency was enhanced to 9% 32. Meanwhile, other semiconductor nanocrystals 

such as Cu2S 33 and CuInSe2 34 have also been employed to fabricate devices without thermal 

annealing.  

Despite great progress having been made, as stated above, devices based on nanocrystal thin films 

have inferior performance compared with those made from bulk thin films. One reason for the 

overall lower efficiency lies on the less favourable charge carrier transport in nanocrystal thin films, 

especially in the unannealed films. Theoretically, in order to achieve efficient charge carrier transport 

and reduce recombination, nanocrystals have to couple electronically to each other, such that charge 

transport can occur over macroscopic distances. The inter-nanoparticle coupling is affected by many 

factors, such as size and morphology dispersion, surface states, defect and distance between 

particles. Therefore, controllable synthesis of nanoparticles with desired phase, homogenous 



Chapter 1 

 

30 

 

composition and evenly distributed size and shape is critical for making high-quality nanocrystal thin 

films. 

1.4.2 As Sensitizers in Photoelectrochemical Solar Cells 

To tackle the issue of charge carrier transport, one possible solution is to separate carrier generation 

and transport spatially at the nanoscale. This concept has driven the development of semiconductor 

sensitized solar cells (SSSCs) in which nanocrytals function as sensitizers. In a crystalline or thin film 

solar cell, photoinduced carriers (holes and electrons) remain in the same material before arriving at 

their respective contacts. That is why high-purity materials are necessary to minimize charge 

recombination. In a semiconductor sensitized solar cell, carriers are generated in one semiconductor 

(absorber material) and then electrons or holes are separated into different media, leaving the 

opposite charge in the absorber. The charge separation can be greatly improved by coupling 

absorber nanocrystal with another semiconductor particle with favourable energetics.  

 
 

Figure 1-3. (a) Configuration of semiconductor sensitized solar cells; (b) charge generation and transport in 

the photoanode under illumination. 

In fact, the idea of photoinduced charge separation has been extensively studied in dye sensitized 

solar cells (DSSCs). The configuration and operation of SSSC is analogous to that of DSSC, as shown in 

Figure 1-3. A SSSC is mainly composed of three parts, a photoanode, a photocathode and an 

electrolyte connecting the two components electrochemically. The photoanode is made by 

sensitizing a porous thin film with a sensitizer. The porous thin film is normally made from a 

(a) (b) 
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wide-bandgap material such as TiO2, SnO2 and ZnO. Unlike in DSSCs where sensitizers are organic dye, 

in SSSCs the sensitizers are inorganic semiconductor nanocrystals. Upon illumination, sensitizers 

absorb photons with energy higher than their bandgap and generate charge carriers. Electrons 

generated in the sensitizers then quickly inject to the wide-bandgap semiconductor due to the 

energy difference between their pseudo Fermi levels. In this way, charge transport is separated from 

charge generation. A redox couple in the electrolyte helps the recovery of the oxidized sesitizers and 

the generated oxidized species in the electrolyte are reduced on the counter electrode to complete 

the circuit. 

Sensitizing one semiconductor by another was first reported in a CdS-TiO2 colloidal system in 1984  

35 when Serpone, Borgarello and Gratzel found that electrons from the conduction band of CdS could 

inject into that of colloidal TiO2 upon visible illumination. Studies were expanded to other colloidal 

systems with mixed semiconductors such as CdS-ZnO 36, Cd3P2-TiO2 37, Cd3P2-ZnO 37 and ZnO-ZnS 38 in 

the next few years. It was not until the early 90s that research moved on to the fabrication of 

photoelectrodes by sensitizing solid porous oxide films with semiconductor nanoparticles 39, 40. In the 

last decade, SSSCs have attracted much attention for several reasons. First, advances in solution 

based synthetic methods enable inexpensive and facile preparation of nanocrystals. Second, the 

emergence of novel geometries of wide-bandgap semiconductors such as nanorod arrays 41 and 

ordered nanotubes 42 facilitate cell design. In addition, experience and knowledge gained in the 

research field of DSSCs can be used for the development of SSSCs. Zhong’s group at East China 

University of Science and Technology has expertise in fabricating SSSCs. They used a wide range of 

single phased or composite nanocrystals as sensitizers such as CdSe 43, CdSeXTe1−X 
44, CuInSe2 and 

alloyed CuInSe2-ZnS 45, core-shell ZnTe/CdSe 46. Most of the cells, however, exhibited moderate 

conversion efficiency around 6%. Recently, by optimizing the device fabrication technique they 

managed to improve the cell efficiency to 8% which is the current record of SSSCs 47.  

The conversion efficiency of SSSCs has greatly been improved from less than 1% up to more than 8% 

in the past few years, but it still falls behind the efficiency of DSSC where a value of 13% has been 

reported 48. To enhance the performance of SSSCs, three aspects need to be considered, utilization of 
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composite sensitizers, surface engineering and selection and preparation of sensitizer materials. 

Utilization of nanocomposite sensitizers has the advantages of broadening the spectral absorption 

range to enhance the use of solar illumination. With regard to surface treatment, surface state on 

the surface of semiconductor sensitizers is suggested to play a role in recombination which is a major 

factor limiting the performance of sensitized solar cells. Surface passivation such as overcoating with 

a blocking layer is believed to help suppress recombination. In terms of sensitizer materials, Pb and 

Cd chalcogenides are traditionally employed, but the wide range of semiconductor materials provide 

versatility to the choice of sensitizers, such that CuInSe2 45, CuInS2 
49 and Sb2S3 50 nanoparticles are all 

investigated as sensitizer materials. It is expected the library of sensitizers can be further expanded. 

The performance of SSSCs however not only depends on the choice of sensitizer materials but also is 

influenced by the nanocrystal preparation and attachment method. For example, chemical bath 

deposition (CBD) allows high nanocrytal loading but the generated nanocrystals may be closely 

packed which results in recombination. Suitable material and appropriate preparation method are 

therefore critical for the success of SSSCs. In this thesis, earth-abundant materials are used as 

sensitizers and a new method is developed to deposit nanocrystals on the surface of a wide-bandgap 

thin film as sensitizers.  

1.5 Materials and Applications 

1.5.1 Cu2ZnSnS4 (CZTS) 

1.5.1.1 Basic Properties of CZTS 

Quaternary Cu2ZnSnS4 (CZTS) is a p-type semiconductor with a bandgap of ca. 1.5 eV and a large 

optical absorption coefficient over 104 cm-1 51, 52, suggesting it is ideal for photovoltaic application. As 

all the four elements in CZTS are earth-abundant and environmentally friendly, CZTS has potential in 

the fabrication of low-cost and low-toxicity devices. CZTS is an ideal substitute of current thin film 

solar cell materials such as CIGS and CdTe which contain either toxic or scarce element. Wadia and 

coworkers 19 examined various semiconductor materials and suggested that CZTS is one of the most 

promising materials that have the capacity to meet or exceed the annual worldwide electricity 
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consumption. CZTS has become a popular candidate in the photovoltaic research field in the last five 

years, which is indicated by the increasing number of publications on the topic of CZTS based solar 

cells (Figure 1-4). 

 

Figure 1-4. Annual publication statistics on the topic of CZTS solar cells from Web of Knowledge data base 

(Sep. 2015). Searching key words are: TOPIC: ('Cu2ZnSnS4' or 'CZTS') AND TOPIC: (Solar Cell). 

1.5.1.2 Crystal Structure of CZTS 

The most thermodynamically stable phase of CZTS is kesterite which features a tetragonal crystal cell 

53. Kesterite CZTS is theoretically derived from zinc-blende structured ZnS through a two-step 

substitution process (Figure 1-5a). First, two Zn2+ in ZnS are replaced by one Cu+ and one In3+ to form 

chalcopyrite CuInS2 and then two In3+ in CuInS2 are replaced by one Zn2+ and one Sn4+. A different 

arrangement of Zn2+ and Cu+ can lead to the formation of another zinc-blende based structure, the 

stannite phase (Figure 1-5b). This structure has a higher total energy and is thus less stable than the 

kesterite phase, as revealed by theoretical calculation 53. The kesterite and stannite structures have 

similar X-ray diffraction (XRD) patterns, because Cu+ and Zn2+ are isoelectronic and the difference in 

their bonding is small 54. Thus, it is difficult to differentiate between the kesterite phase and the 

stannite phase purely by XRD diffraction, especially when the material is in nanoparticulate form 

which means the diffraction peaks are broadened. Neutron diffraction can be used to differentiate 

between these two structures due to the different neuron scattering ability of Zn2+ and Cu+ 54. In the 

literatures bulk CZTS, thin film CZTS and most CZTS nanocrystals are reported to be kesterite phase. 
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Figure 1-5. (a) Kesterite CZTS derived from zinc-blende structured ZnS from a two-step substitution process; 

(b) stannite CZTS based on zinc-blende ZnS; (c) wurtzite CZTS derived from wurtzite structured ZnS. 

It is noted that CZTS also has a metastable phase with a wurtzite crystal structure. Wurtzite CZTS is 

derived from wurtzite structured ZnS, which features a hexagonal crystal cell (Figure 1-5c). Although 

bulk CZTS generally adopts the more stable zinc-blend derived kesterite phase, wurtzite 
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nanocrystalline CZTS can be synthesized under certain experimental conditions. Crystals with 

hexagonal crystal structure are known for their ability to grow in preferable directions. As for 

wurtzite CZTS nanocrystals, growth along the c-axis can result in the formation of one-dimensional 

structures like nanorods, while prohibiting growing along c axis can lead to the formation of 

hexagonal nanoplates. These interesting structures may have special optical and electronic 

properties. They can also be used as building blocks for thin film fabrication 55. 

1.5.1.3 Research Status of CZTS Solar Cells 

Pioneering research on CZTS thin film started in 1988 when Ito and Nakazawa reported the electrical 

and optical properties of CZTS thin films made by atom beam sputtering 56. It was not until 1997 that 

the first CZTS thin film solar cell was fabricated by Katagiri and coworkers using an electron beam 

evaporation technique followed by sulfurization 57. Although the solar cell had an efficiency of less 

than 1%, it marked the start of using earth-abundant material for photovoltaic application. Three 

years later, IBM used a coevaporation method to make a CZTS thin film and the device had an 

efficiency of 6.8% 58. The cell efficiency was further increased to 8.4 % by the same research group by 

optimizing film deposition and sulfurization conditions 59. This efficiency set the record for the 

selenium-free CZTS thin film solar cells. Meanwhile, the partial or entire substitution of constituent 

sulphur in CZTS thin films by selenium was investigated, which leads to the formation of CZTSSe or 

CZTSe thin films. Solar cells made from thin films composed of selenium generally exhibited 

improved efficiency, e.g., a device made from CZTSe thin film by coevaporation had a conversion 

efficiency of 9.1% 60 which was higher than the aforementioned maximal efficiency of pure CZTS 

based solar cell. 

The aforementioned CZTS thin film fabrication techniques are all vacuum-based and demand 

expensive equipment. In recent years, non-vacuum solution-based techniques have been rapidly 

developed with an aim to reduce CZTS thin film fabrication cost. These techniques include 

electrochemical deposition 61, 62, chemical vapor deposition 63, molecular precursor solution 

deposition 64-66, hydrazine based approaches 67, 68, nanocrystal-ink coating 69, 70 and so on. It is noted 

that devices fabricated from hydrazine based approaches show highest performance. Hydrazine was 
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first introduced in CZTSSe thin film fabrication by a research group at IBM 67. Mitzi and coworkers 

dissolved Cu, Zn and Sn precursors and S and Se in hydrazine to make a slurry which was then 

spin-coated onto substrates to form precursor films. CZTSSe films were obtained after annealing the 

precursor films above 500 oC, which were then used for device fabrication. The first device made by 

this method showed a conversion efficiency of 10.1% in 2011 71. By optimizing precursor recipes, 

thickness of transition layer and properties of window layer, the device efficiency was continuously 

boosted to 11.1% 72 and later to the record value 12.6% in 2013 73. However, as stated in these 

publications, hydrazine is highly toxic and reactive and must be handled with extreme care. As a 

result, large-scale industrial fabrication of CZTSSe thin film by using explosive hydrazine seems very 

difficult to realize due to the high safety risk. Other solution-based techniques therefore are needed 

to make high-efficient solar cells which are comparable with hydrazine based devices. Recently, 

device fabrication from nanocrystal ink has emerged as a promising approach. Compared with 

dangerous hydrazine based processing, nanoparticle synthesis and deposition only need common 

precursors and organic solvents. In addition, nanoparticle inks are compatible with high throughout 

and economical deposition techniques, enabling potential scalable and low-cost manufacturing. 

Agrawal’s groups at Purdue University successfully made CZTSSe thin film device from 

pre-synthesized nanocrystals with an efficiency of 9.0% 74, which shows potential to make 

high-efficient solar cells with nanoparticle inks. 

1.5.1.4 Preparation of CZTS Nanocrystals 

This thesis focuses on the synthesis and application of CZTS nanocrystals and thus methods for CZTS 

nanoparticle (1-100 nm) preparation are reviewed in this section. The most popular methods are 

hot-injection and high-temperature arrested precipitation, which allow synthesis of well-crystallized 

and monodisperse nanocrystals. Other techniques including solvothermal, thermal decomposition 

and microwave-assisted synthesis are also reported. 

Hot-injection is a classic method to synthesize colloidal semiconductor nanocrystals. This method is 

now frequently used for CZTS nanocrystal preparation. The first report was in 2009 when three 

independent groups published their work about the synthesis of CZTS nanoparticles almost at the 
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same time 70, 75, 76. In Guo’s synthesis, sulphur source (elemental sulphur powder dissolved in 

oleylamine) was injected into metal precursor solution (Cu, Zn and Sn precursors dissolved in 

oleylamine) at 225 oC. After a reaction time of 0.5 hr, CZTS particles which had size in the range of 

15-25 nm were obtained 70. Riha and coworkers reported a similar synthetic procedure 75, in which 

metal precursor solution and sulphur source were simultaneously injected into trioctylphosphine 

oxide at 300 oC. The resulting particles had an average size of 12.8 ± 1.8 nm after 45 min reaction. At 

the same time, Steinhagen et al. 76 reported a slightly different procedure from the previous two. The 

method was called high-temperature arrested precipitation. All reactants were mixed together at 

room temperature and preheated to 110 oC. The reaction temperature was then raised to 280 oC. 

After 1 hr, nanocrystals of an average size of 10.6 ± 2.9 nm were formed. These pioneering works on 

the topic of CZTS nanocrystal preparation show the key elements for the synthesis of nanocrystal 

CZTS, i.e., metal precursor source, sulphur source and solvent. The emerging publications about CZTS 

nanoparticle synthesis by hot-injection or high-temperature arrested precipitation are mainly based 

on the modifications of these three components. In the literature, various types of metal precursors 

such as acetates, chlorides and iodides, alternative sulphur source such as thiourea 77 and different 

solvent such as hexadecylamine 78 are used for the synthesis. 

The aforementioned work all produced kesterite-phase CZTS nanocrystals. However, when thiols are 

employed as the sulphur source, wurtzite CZTS nanoparticles tend to be formed. Lu and co-workers 

first reported the synthesis of wurtzite CZTS in a hot-injection process where dodecanethiol (DDT) 

was employed 79. They explained that DDT and metal cations might form thiolates which would 

balance reactivities of metal cations, leading to the formation of the wurtzite phase. Other thiols 

such as tert-dodecyl mercaptan (t-DDT) 80 and hexadecanethiol 81 were also reported to be used for 

preparation of wurtzite CZTS. Due to the hexagonal nature of wurtzite phase, [001] is the preferential 

crystal growth direction and one-dimensional CZTS particles are frequently reported in the literature. 

By using different types of ligand the growth rate of different crystal facets can be tuned and 

particles with rod-like, bullet-like and plate-like morphologies can be obtained 79, 80. 

A few other methods have also been employed for the preparation of CZTS nanoparticles. The 
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solvothermal method is one of them, but the average size of the resulting particles made from this 

route are generally larger than its hot-injection counterpart and the dispersity of particles are not as 

good as that from the hot injection 82, 83, e.g., Cao and co-workers 82 prepared CZTS nanoparticles by 

a solvothermal method but the particles were heavily aggregated. Nevertheless, the solvothermal 

approach is able to produce hydrophilic CZTS nanoparticles when small water-soluble ligand such as 

ethylene glycol is used as surfactant. The use of small molecule rather than long chain ligand is 

potentially beneficial to the electronic properties of the final film. Thermal decomposition is 

reported in the literature to prepare CZTS nanoparticles. Aydil and co-workers 84 heated up copper, 

zinc, and tin diethyl dithiocarbamate complexes in oleylamine. The simultaneous decomposition of 

metal complexes resulted in the formation of CZTS nanocrystals of very small size, e.g. 5 nm, but 

difference in the decomposition temperature between the four complexes brings challenges in 

producing pure-phase CZTS. Other complexes such as metal ethylxanthates 85 were also made and 

used as reactants in this approach. A microwave-assisted synthesis 86-88 is also reported for the 

preparation of CZTS nanoparticles. However, similarly to the solvothermal approach this method has 

poor control over dispersity of resulting nanoparticles. 

Overall, the hot-injection method allows more control on the size, shape, phase and especially 

dispersity of the resulting nanoparticles compared with other preparation methods. Other synthetic 

techniques all have their own advantages but more improvements are needed to compete with the 

hot-injection approach. 

1.5.1.5 Application of CZTS Nanocrystals in Solar Cells 

CZTS nanocrystals are used as building blocks for thin film fabrication, which has potential to reduce 

the film fabrication cost. The thin films are further employed in making photovoltaic devices. A major 

application is in solid-state all-inorganic thin film solar cells. To some extent research on CZTS 

nanocrystal based thin film solar cell is an expansion of the study on CIGS nanocrystal based thin film 

devices. Research groups which have gained experience in making CIGS nanocrystal based devices 

have transferred their skills to the fabrication of CZTS nanocrystal based solar cells. Agrawal’s groups 

at Purdue University and Korgel’s group at University of Texas are good examples of this case. The 
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first semiconductor nanoparticle inks (CuInS2, CuInSe2, and Cu(InxGa1-x)Se2 nanocrystal inks) for 

printable photovoltaics were reported by Korgel’s group 89. They were also among the first to report 

the synthesis of CZTS nanocrystals 76. They made thin films by spray-coating the CZTS ink on 

Au-coated glass substrates. The as-deposited CZTS nanocrystal thin films were then used for device 

fabrication. The solar cell showed a conversion efficiency of 0.23%. Agrawal’s group which has 

expertise in making CIGS nanocrystal solar cells (see section 1.4.1) was also among the first to 

successfully produce CZTS nanoparticles, but unlike the previous group which used unannealed films 

for device fabrication, Agrawal and co-workers annealed the nanocrystal thin films in selenium 

vapour 70. The solar cell made from such CZTSSe film exhibited an efficiency of 0.8%. These two 

examples are the first CZTS solar cells made from solution-processed nanocrystals, both of which had 

conversion efficiency of less than 1%. However, only one year later Agrawal’s group managed to 

improve the cell efficiency to 7.2% by optimizing CZTS elemental composition 69. In 2014, by 

modifying nanoparticle synthesis approach and subsequent film selenization condition, the same 

group increased the efficiency of CZTSSe thin film solar cell to 9.0% 74.  

Apart from being used in all-inorganic devices, CZTS nanocrystal thin films are utilized in 

inorganic-organic hybrid solar cells. A hybrid heterojunction solar cell reported by Pal et al. showed a 

conversion efficiency of 0.9%. The heterojunction was formed by combining a layer of fullerene 

derivatives with an unannealed CZTS nanocrystal thin film. Based on the experience obtained from 

organic solar cells, it is believed that utilization of nanocrystals with suitable size, effective surface 

treatment and optimization of energy band alignment between nanocrystal and organic polymer can 

further improve the performance of hybrid solar cells.  

CZTS nanocrystal thin films are also employed as counter electrodes in photoelectrochemical solar 

cells. Lin and co-workers reported this application for the first time 90. They fabricated CZTS thin films 

by spin-coating hot-injection synthesized nanocrytals on conductive glass substrates. Both 

as-deposited and selenized films were used as counter electrodes in DSSCs. The corresponding 

device exhibited a conversion efficiency of 3.6% and 7.3% respectively, which was comparable with 

the cell using Pt as counter electrode. Following this work, CZTS nanoparticles prepared by other 
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synthetic routes such as the solvothermal method were used as the counter electrode material as 

well 91. Moreover, CZTS nanocrystal thin films were also reported as counter electrodes in 

semiconductor sensitized solar cells. Zhu and co-workers fabricated a photoelectrochemical cell with 

CdS sensitized TiO2 nanorods as the photoanode and CZTS thin film as the counter electrode 92. All 

these works show solution-processed CZTS(Se) films can be used as effective counter electrodes in 

photoelectrochemical cells and they have potential to replace expensive Pt, the widely used counter 

electrode material. In this case, the manufacturing cost of photoelectrochemical cells can be further 

reduced. 

The successful utilization of CZTS(Se) thin films as counter electrodes may be attributed to two 

factors. The first is that CZTS has a good electrocatalytic property. The second is that CZTS(Se) also 

works as a light absorber. Light which passes through photoanode and electrolyte can be absorbed 

by CZTS(Se), generating extra charge carriers and thus higher current. In other words, CZTS(Se) film 

functions as a photocathode. The use of CZTS(Se) nanocrystals as a photocathode material brings 

advantages to make high-efficient and low-cost photoelectrochemical devices. 

1.5.1.6 Challenges for CZTS Nanocrystal Based Solar Cells 

For solar cells fabricated with CZTS nanocrystals, the quality of the as-synthesized nanoparticles will 

definitely affect the performance of final devices. With regard to nanocrystal synthesis, the challenge 

is to prepare CZTS which has pure phase, the correct stoichiometry and narrow size distribution. 

Thermodynamically the stable phase of CZTS is kesterite but it has a narrow phase window. Due to 

the complexity of the quaternary system, binary and ternary impurities may be formed, which are 

detrimental to devices. The narrow phase window also indicates that the desired phase only exists 

within a small stoichiometry range. In terms of particle size, particles with narrow size distribution 

help make compact films. An evenly distributed size also favours inter-nanoparticle coupling, which is 

good for charge transport in unannealed devices. It is therefore important to find out the optimal 

experimental condition in hot-injection approach to make high-quality CZTS nanocrystals.  

In terms of device fabrication, making selenium-free and low-temperature processed CZTS devices 
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becomes a challenge. It is noted that as-deposited CZTS films have to be selenized to show good 

performance. One important reason is that selenization allows growth of larger grains in the film, 

helping reduce charge carrier recombination. However, normally selenization is operated at 

temperature above 500 oC, which highly increases the energy input for device fabrication. Moreover, 

large-scale utilization of selenium vapour during selenization process poses potential environmental 

hazard, which is contrary to the initial idea of making environmentally friendly devices. On the other 

hand, selenium-free CZTS device shows promising performance with a conversion efficiency up to 8.4% 

59. If a low-temperature process can be developed to make selenium-free and high-efficient devices, 

it will bring many advantages. First, it saves energy input and shortens energy payback time. Second, 

low-cost substrates which are not compatible with high-temperature treatment can be used for 

device fabrication. Third, low-temperature treatment allows flexibility in cell design and integration 

with other techniques such as hybrid solar cells.   

1.5.2 Bi2S3 

1.5.2.1 Basic properties of Bi2S3 

Bi2S3 is one of the group-V binary chalcogenides, an important class of semiconductor materials due 

to their unique electronic and optical properties. This group of materials shows high optical 

absorption coefficients, nonlinear optical effects and thermoelectric effects, meaning they are ideal 

for optoelectronic and thermoelectric applications. Bi2S3, Sb2S3, As2S3, As2Se3 and Bi2Te3 have been 

widely investigated in photoconductive photodetectors 93, thermoelectric devices 94, waveguide 

applications 95, 96 and photovoltaics 97. In terms of the constituent elements in these binary 

compounds, bismuth has the lowest toxicity among the cationic elements and sulphur is much more 

earth-abundant compared with the other anionic elements, i.e., selenium and tellurium, which 

means Bi2S3 attracts most attention as an environmentally-benign, sustainable and inexpensive 

material.  

Bi2S3 is an n-type semiconductor; it has a large optical absorption coefficient on the order of 105 cm-1 

in the visible region of the solar spectrum 98, 99. Bi2S3 has a direct bandgap with a value about 1.3 eV 
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98 which is close to the optimal bandgap value for photovoltaic applications. Together these 

properties suggest that Bi2S3 is a potential solar cell absorber material. According to the report by 

Wadia et al. 19, Bi2S3, like CZTS, is an inorganic photovoltaic material with a potential capacity to meet 

or exceed the annual worldwide electricity consumption. With regard to crystal structure, Bi2S3 has 

an orthorhombic structure adopting the space group of pbnm. This structure possesses Bi2S3 infinite 

chains along the c-axis, which can lead to anisotropic growth of Bi2S3 crystals 100. 

1.5.2.2 Research Status of Bi2S3 Solar Cells 

Initial study of using Bi2S3 as a photovoltaic material started in liquid-junction photoelectrochemical 

solar cells. The first Bi2S3 solar cell was made by Miller and Heller in 1976 101. In their work, a Bi2S3 

film was formed by anodizing bismuth metal substrate in sodium sulfide solution. The film was then 

used as a photoanode in a three-electrode cell. A photoresponse of the Bi2S3 film was observed at 

900 nm, indicating that Bi2S3 was a promising absorber material. Peter made Bi2S3 thin film using a 

similar anodization approach and investigated the quantum yield of photocurrent as a function of 

wavelength of incident light 102. It was found the photocurrent quantum efficiency could reach unity 

across a wide spectral range. In the early 1980s, Bi2S3 films made by an alternative method, chemical 

deposition, were employed in photoelectrochemical cells 103. Compared with the anodization 

approach in which bismuth metal substrate has to be used, chemical deposition gives more freedom 

to use various substrates, which makes it a popular method to fabricate Bi2S3 thin films. In the next 

30 years, different methods for Bi2S3 thin film fabrication were developed including electrodeposition 

104, spray pyrolysis 105, thermal evaporation 106, chemical vapor deposition 107 and so on, but the 

progress for device fabrication was very slow. It was not until 2011 solid-state devices were made by 

Nair and coworkers. They combined a chemical-deposited Bi2S3 thin film with a PbS thin film to make 

a p-n junction device which showed a conversion efficiency of 0.5% 108. The same group reported 

another p-n junction solar cell based on thermal evaporated Bi2S3 thin film on top of p-type 

crystalline silicon with a conversion efficiency of 2.4% 99. They also fabricated a hybrid heterojunction 

solar cell with a chemical-deposited Bi2S3 film and a polymer, poly3-octylthiophene (P3OT) 109. 

Meanwhile, advances in nanotechnologies have stimulated the development of Bi2S3 nanocrystal 
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based solar cells. Nanocrystalline Bi2S3 has two main applications, as absorber in thin film devices 

and as sensitizer in photoelectrochemical solar cells. Bi2S3 nanocrystals were first employed in thin 

film solar cells in 2011. Konstantatos et al. created a p-n junction by combining a spin-cast Bi2S3 

nanocrystal thin film with a spin-cast PbS nanocrystal layer 98. The device based on this junction 

exhibited a conversion efficiency of 1.6%. Inspired by the idea of bulk heterojunction in 

polymer-based solar cells, the same group introduced a new concept of bulk nano-heterojunction for 

device fabrication 110. Unlike the previous p-n junction device in which p-type nanocrystals and 

n-type nanocrystals are located in two different layers, in the bulk nano-heterjunction cell Bi2S3 

nanocrystals and PbS nanocrystals were mixted together and sandwiched between the Bi2S3 

nanocrystal-only layer and the PbS nanocrystal-only layer. This configuration allowed photogenerated 

carrier separation at the nanoscale, which decreased recombination and improved the cell efficiency 

to 4.8%. On the other hand, Bi2S3 nanocrystals are considered as a potential sensitizer material in 

semiconductor-sensitized solar cells. The application of Bi2S3 nanocrystals as sensitizers actually 

started earlier than its application in thin film devices. In 1994 Weller and co-workers reported the 

utilization of various semiconductors including Bi2S3 to sensitize wide-bandgap oxide 111. In the 

following section, the preparation and utilization of Bi2S3 nanocrystals as sensitizers will be reviewed. 

1.5.2.3 Bi2S3 Nanocrystals as Sensitizers in Photoelectrochemical Solar Cells 

In the early stages of using Bi2S3 as a sensitizer material, photoanodes were made and characterized. 

The successive ion layer adsorption and reaction (SILAR) method has been widely used to grow Bi2S3 

nanoparticle on the surface of wide-bandgap oxide materials. In this method, a substrate is 

sequentially dipped into a solution which contains a bismuth source and a solution which contains 

sulfide ions. Weller and co-workers adopted this method for Bi2S3 nanocrystal growth in the 

aforementioned report 111. In this work, oxide thin films were immersed in a saturated nitrate 

solution of BiO+ and a Na2S solution sequentially to deposite Bi2S3 nanoparticles on the surface of 

oxide films. However, SILAR yields poor control over the nanoparticle size and distribution 112. Peter 

and coworkers developed another method called arrested precipitation, which allowed better 

control of particle size 113. In this method, TiO2 substrate was placed in a solution containing bismuth 
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ions and a stablizer, and then H2S was injected into the solution. Following this method, Riley et al. 

reported that size distribution of resultant Bi2S3 nanocrystals could be controlled by the 

concentration of the stablizer 112. 

Bi2S3 sensitized TiO2 photoanodes have been successfully made, but only limited work has been done 

to fabricate Bi2S3 sensitized solar cells. Cai and coworkers claimed they made a solar cell based on 

Bi2S3 sensitized TiO2 nanotube arrays which showed an efficiency of 1.86% 9. This value was the 

highest among all reported Bi2S3 based photoelectrochemcial cells. However, it was found that the 

photovoltage was wrongly identified by referring to the standard calomel electrode in a 

three-electrode cell. This resulted in a much higher photovoltage than the real value and hence an 

invalid efficiency. To date, there have been only two other research papers about Bi2S3 sensitized 

solar cells. Lee reported the fabrication of Bi2S3 sensitized SnO2 solar cell by SILAR method 114. They 

dipped a SnO2 thin film into a 0.01 M Bi(NO3)3 acetone solution and a 0.01 M Na2S methanol solution 

at 25oC sequentially, which was assumed to lead to the formation of Bi2S3 nanocrystals. The solar cell 

exhibited an efficiency of 0.2%. Zeinert and coworkers, however, pointed out that that Lee’s work 

could not be reproduced 115. One fact is neither 0.01 M Bi(NO3)3 acetone solution nor 0.01 Na2S 

methanol solution could be obtained, because both the solubilities of Bi(NO3)3 in acetone and the 

solubility of Na2S in methanol at 25oC are very low and even the concentration of their saturated 

solutions is lower than 0.01 M. Moreover, they proved the reaction between Bi(NO3)3 aqueous 

solution and Na2S aqueous solution resulted in the formation of Na2BiS2 instead of Bi2S3, which was 

contrary to what other authors claimed when Na2S was used as the sulfide source for Bi2S3 

deposition by SILAR. To obtain Bi2S3 nanocrystals, Zeinert and coworkers dipped TiO2 thin film into 

Bi(NO3)3 solution and then vulcanized the film in sulphur vapour. A photoelectrochemical cell made 

from the resultant film showed an efficiency of 0.8%. 

1.5.2.4 Challenges for Bi2S3 Nanocrystal Based Solar Cells 

To date, Bi2S3 nanocrystals have been successfully employed as the electron acceptors in 

solution-processed thin film heterojunction solar cells. However, compared with the extensive 
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research on other potential semiconductor nanomaterials such as PbS and CZTS nanoparticles, the 

study on Bi2S3 nanocrystals as building blocks for thin film devices is much less extensive. Similarly, 

only limited effort has been made to study Bi2S3 sensitized solar cells, as seen from the small number 

of papers on this topic. For the fabrication of Bi2S3 sensitized photoanodes, Bi2S3 nanocrystals are 

often deposited by the SILAR process in which is Na2S is frequently used as the sulfide source. 

However, there is evidence that the deposition product is Na2BiS2 instead of Bi2S3 
115, which makes it 

important to develop new techniques for Bi2S3 deposition. 

1.6 Thesis structure 

In this thesis, two low-toxic and earth-abundant sulfides, quaternary CZTS and binary Bi2S3, are 

investigated as potential solar cell materials. CZTS and Bi2S3 nanoparticles were made via 

solution-based methods for applications in photoelectrochemical solar cells. The aim of the work is 

to expand scientific understanding of solution-processed nanomaterials for low-cost photovoltaics. 

Chapter 3 investigates the synthesis of kesterite CZTS nanocrystals by a hot-injection method. To find 

out the optimal experimental condition for nanoparticle synthesis, various variables were 

systematically changed. In the same chapter, the applicability of CZTS nanocrystals as sensitizers for 

the fabrication of photoanodes is investigated. In chapter 4, CZTS nanocrystals were used as building 

blocks for making selenium-free and low-temperature processed thin films. The films were employed 

as photocathodes in DSSCs.  

Chapter 5 investigates the growth and size control of wurtzite CZTS nanocrystals by a hot-injection 

method. Chapter 6 investigates the influence of incorporation of Au nanoparticle on the optical and 

photoelectrochemical properties of wurtzite CZTS nanocrystals. 

In chapter 7, a novel solution-based method is developed for the in-situ generation and deposition of 

Bi2S3 nanocrystals on the surface of porous TiO2 thin films. The obtained TiO2-Bi2S3 films were 

employed as photoanodes in SSSCs. 
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Chapter 2. Fabrication and Characterization 

2.1 Introduction 

This chapter details the common fabrication procedures and characterization methods employed in 

this work. The important theoretical aspects of the characterization techniques are also included. 

2.2 Fabrication 

2.2.1 Synthesis of CZTS Nanocrystals 

CZTS nanoparticles with two different types of crystal structures, kesterite and wurtzite, have been 

prepared by hot-injection method. Kesterite CZTS nanocrystals are synthesized and applied in solar 

cells in chapter 3 and chapter 4, while wurtzite CZTS nanocrystals are the subject of chapter 5 and 

chapter 6.  

Hot injection is a classic method to synthesize semiconductor nanoparticles. It was firstly reported in 

1993 for the synthesis of cadmium chalcogenide nanocrystals 1. The schematic of a typical 

hot-injection apparatus is shown in Figure 2-1. A three-neck flask is placed on a heating mantle. In 

the flask, reactants are dissolved in an organic solvent which has a high-boiling point. The commonly 

used solvents are oleylamine, hexadecylamine, oleic acid, trioctylphosphine oxide (TOPO), and so on. 

In some cases a surfactant is added to help tailor the shape and size of the nanoparticles. One of the 

three necks is connected to the Schlenk line to obtain an air-free reaction condition, one holds a 

thermocouple for temperature monitoring, and the other is used for chemical injection through a 

syringe. At a set temperature, a reactant in the syringe is injected into the flask to trigger the reaction. 

The fast nucleation at relatively high temperature and the presence of long-chain organic molecules 

leads to the formation of well-dispersed nanoparticles. Controllable synthese of binary nanoparticles 

such as cadmium chalcogenides by the hot-injection method have been well-understood 2, 3. As for 

the more complicated ternary and quaternary systems, however, precisely controllable synthese 

have not been achieved and the selection of reaction conditions is based on experience and trial and 

error.  
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Figure 2-1. Schematic illustration of a typical hot-injection apparatus. 

The following chemicals were used for CZTS nanocrystal synthesis and washing in this thesis. Copper 

acetylacetonate (Cu(acac)2, ≥99.99%, Sigma-Aldrich), zinc acetate (Zn(OAc)2, 99.99%, Sigma-Aldrich), 

tin chloride (SnCl2, ≥99.99%, Sigma-Aldrich), elemental sulfur powder (S, 99.98%, Sigma-Aldrich), 

1-dodecanethiol (DDT, ≥98%, Sigma-Aldrich), oleylamine (OLA, technical grade, 70%, Sigma-Aldrich), 

toluene (99.9%, VRW International), isopropanol (99.9%, VRW International) and argon (Ar, 

Pureshield 99.998%, BOC) were used as received. 

For the synthesis of kesterite-phase CZTS nanocrystals, elemental S power was used as the sulfur 

source. In a typical synthesis, 2 mmol S powder and 2 cm3 OLA were put into a glass vial and 

sonicated until the S powder had completely dissolved to form a dark red S-OLA solution. Meanwhile, 

1 mmol Cu(acac)2, 0.5 mmol Zn(OAc)2, 0.5 mmol SnCl2 and 10 cm3 OLA were loaded in a 50 cm3 

three-neck round-bottom flask. The flask was connected to the Schlenk line and vacuum pumped for 

15 min to remove the air. The flask was then purged with argon three times before being pumped 

down again. The mixture was heated to 130 oC and kept at this temperature for 0.5 hr to remove any 

water or dissolved air in the mixture. The system was then filled with argon ready for the injection of 

the sulfur source. The S-OLA solution was then injected into the mixture in the flask at 130 oC. The 

temperature of the mixture was then raised to 250 oC in about 10 min. After 1 hr, the heating mantle 
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was removed and the mixture was cooled down. When the temperature dropped to 50 oC, 25 cm3 

toluene was added into the flask under stirring, followed by adding excess isopropanol to precipitate 

the nanoparticles out of the mixture. The solid precipitate was collected by centrifugation at 4500 

rpm for 20 min. The precipitate was then washed again by being dispersed in toluene and 

precipitated with isopropanol. This washing procedure was repeated twice. The nanoparticles were 

finally dispersed in toluene for future use. The synthesis normally has a solid product yield of ca. 

70%. 

For the synthesis of wurtzite-phase CZTS nanocrystals, dodecanethiol (DDT) was used as the sulfur 

source. The precursor loading, flask purging and precursor dissolving procedures are the same as 

that in the synthesis of kesterite CZTS. At 130 oC, 2 cm3 DDT was injected into the mixture. The 

temperature was then increased to 250 oC and the reaction lasted for 1-4.5 hr. The subsequent 

washing procedures were also the same as previous. 

2.2.2 Preparation of TiO2 Thin Films 

Titanium dioxide (TiO2) is the most widely used wide-bandgap material for photoanode fabrication in 

both dye sensitized solar cells (DSSCs) and semiconductor sensitized solar cells (SSSCs) due to its 

low-cost, nontoxic and photochemically stable nature. Porous structured TiO2 thin films are generally 

made by sintering TiO2 nanoparticles together, which provide a large surface area for 

dye/semiconductor attachment. TiO2 thin films are fabricated and used to prepare photoanodes in 

chapter 3 and chapter 7. 

The following chemicals and materials were employed for the fabrication of TiO2 thin films: TiO2 

paste (18NR-t Titanian paste, Dyesol), compact layer paste (Ti-Nanooxide BL/SP, Solaronix), TiO2 

nanopowder (Degussa, P-25), acetic acid (ACS Reagent, ≥99.7%, Sigma-Aldrich), acetylacetone 

(analytical standard, Sigma-Aldrich), polyethylene glycol (PEG, MW 8000, Alfa Aesar), Triton X-100 

(laboratory grade, Sigma-Aldrich), deionized water (>18 MΩ cm, Millipore Direct-Q3) and fluorine 

doped tin oxide glass (FTO glass substrate, TEC8 glass plate, 8 Ω/sq, Dyesol). 

In this work, TiO2 thin films were made by coating a layer of TiO2 paste on the FTO glass substrates, 
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followed by a heat treatment. Before the paste coating, FTO glass substrates were washed with soap 

and then cleaned by sonication in acetone, isopropanol and deionized water for 10 min respectively. 

The substrates were then dried with an air gun. Two types of TiO2 paste were used: a homemade one 

and a commercial one from Dyesol. The homemade paste was made by mixing 0.2 g TiO2 powder, 0.1 

g PEG, 17×10-3 cm3 acetic acid, 10×10-3 cm3 acetylacetone and 8×10-3 cm3 Triton in a glass vial under 

stirring overnight. TiO2 paste (either homemade one or commercial one) was then coated on the 

pre-cleaned FTO glass substrates by bar-coating (RK Printcoat Instrument). The films were then fired 

in a furnace in air at 450-500 oC for 0.5-1 hr. The films were then used for dye or semiconductor 

nanocrystal attachment and the resulting stained films were used as photoanodes.  

For the TiO2 thin films used for making SSSC devices a compact TiO2 layer was coated on the 

pre-cleaned FTO glass substrates first before the coating of the porous TiO2 layer. The TiO2 compact 

layer was fabricated by applying a commercial paste on a clean FTO glass substrate by bar-coating. 

The film was then fired at 550 oC for 45 min in a furnace in the air, and cooled to room temperature 

before the deposition of the porous layer. The obtained compact layer had a thickness of about 60 

nm.  

2.2.3 Preparation of CZTS Thin Films 

CZTS thin films were made from as-prepared CZTS nanocrystals in chapter 4, chapter 5 and chapter 6. 

Spray-coating deposition was employed to coat nanocrystals on the clean FTO glass substrates. 

Before deposition, CZTS nanoparticles were dispersed in toluene to form a suspension. The 

concentration of the solution was 10-20 mg cm-3. CZTS nanoparticle suspension was sprayed on the 

FTO glass substrates by an airbrush with an argon flow at a spray rate of 0.1-0.3 cm3 min-1. During the 

spray-coating, the nozzle to substrate distance was maintained at 10-15 cm and the substrate 

temperature was set at about 100 oC. Some of the spray-coated films were further annealed. The 

heat treatment conditions were detailed in each chapter.  
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2.2.4 Fabrication of Dye Sensitized Solar Cells 

In this thesis, CZTS thin films and Au@CZTS thin films made from as-prepared nanoparticles were 

employed as photocathodes in dye sensitized solar cells (DSSCs). To test the performance of these 

materials, DSSC devices are made in chapter 4 and chapter 6.  

A typical DSSC is made of three parts: a photoanode, a counter electrode and an electrolyte which 

connects the photoanode and the counter electrode electrochemically. In this work, the components 

to make the DSSC devices were mainly from a commercial DSSC kit (Solaronix) which contained 

titania electrodes with an area of 0.5 cm × 0.5 cm, platinized FTO glass, N719 dye (Ruthenizer 

535-bisTBA), iodide/triiodide electrolyte (AN-50) and thermoplastic sealing film with a thickness of 

100 μm (Surlyn Meltonix 1170-100).  

The photoanodes were fabricated from the commercial components as follows. Titania films were 

heated at 150 oC on a hot-plate for 10 min to remove the adsorbed moisture. The hot films were 

then immersed in a 3×10-4 M dye methanol solution. It should be noted that the dye methanol 

solution was sonicated for 20 min to disperse any aggregated dye before the immersion of the films. 

The films were soaked in the solution for 8 hr for dye attachment. The electrodes were then taken 

out from the solution and rinsed carefully with methanol to remove the unbound dye molecules. The 

dye-stained titania films were then used as photoanodes in the DSSCs. 

CZTS thin films deposited by spray-coating were employed as counter electrodes in the DSSCs. 

Sandwich structured cell was fabricated by assembling a photoanode and a counter electrode using a 

piece of transparent thermoplastic film which melted at about 100 oC on a hot-plate. Iodide/triiodide 

electrolyte was then injected into the gap between the photoanode and the counter electrode.  

2.2.5 Fabrication of Semiconductor Sensitized Solar Cells 

Two potential sensitizer materials, CZTS and Bi2S3, have been studied in this thesis. Semiconductor 

sensitized solar cell (SSSC) devices have been fabricated in chapter 3 and chapter 7 to check the 

feasibility of CZTS and Bi2S3 nanocrystals as sensitizers.  
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Similar to a DSSC, a SSSC is also composed of a photoanode, a counter electrode and an electrolyte. 

The fabrication of TiO2-CZTS and TiO2-Bi2S3 photoanodes is detailed in each chapter. Counter 

electrode fabrication, electrolyte preparation and cell assembly are described in this section. The 

following chemicals and materials were used: cobalt chloride six-hydrate (CoCl2·6H2O, VWR 

International), sulfur powder (S, 99.98%, Sigma-Aldrich), sodium sulfide nonahydrate (Na2S·9H2O, 

ACS reagent, ≥98%, Sigma-Aldrich), potassium chloride (KCl, 99%, VWR International), ethanol 

(99.9%, VRW International) and deionized water (>18 MΩ cm, Millipore Direct-Q3) and FTO glass 

(TEC8 glass plate, 8 Ω/sq, Dyesol). 

To make a CZTS or Bi2S3 sensitized solar cell, an alternative counter electrode to platinized FTO glass 

is needed. This is because polysulfide is used as the electrolyte in these systems rather than the 

iodide/triiodide couple. Platinum, which has a good catalytic property in iodide/triiodide system, has 

been revealed as a poor catalyst in the polysulfide solution. CoS has been identified as a suitable 

electrode material in polysulfide 4. A CoS electrode was prepared with reference to the literature 5. A 

clean FTO glass substrate was dipped into 0.05 M CoCl2 ethanol solution and taken out slowly and 

dried in the air for 1 min. This process was repeated three times. The substrate together with 0.05 g 

elemental S powder was placed into a combustion boat. The combustion boat was covered by a glass 

slide but not hermetically sealed. The boat was then placed in a tubular furnace which was purged 

with an argon flow for about 1 hr. Temperature was then raised to 200 oC and the substrate was 

annealed at this temperature for 15 min. The resulting CoS film was cooled down to room 

temperature naturally. Solar cells were made by assembling a photoanode and the CoS counter 

electrode with a piece of parafilm in between to prevent the direct contact of the two electrodes. 

Polysulfide electrolyte was sandwiched between the two electrodes and the cell was sealed by two 

binder clips pressing on opposite edges of the electrodes. The polysulfide solution was made of 2.0 

M S powder, 2.0 M Na2S and 0.2 M KCl in deionized water by referring to the chemical composition of 

the commonly used electrolyte for CdSe sensitized solar cells 6. 
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2.3 Characterization 

2.3.1 Material Identification 

2.3.1.1 X-ray Diffraction 

X-ray diffraction (XRD) is used throughout the work to reveal the crystal structure of the prepared 

samples. It helps to confirm formation of the target product, e.g., in chapter 7 it is expected that the 

decomposition of bismuth-organic complex precursor (Bi2[(S2CN(C2H5)2)3]2) will result in the 

formation of Bi2S3, which is proved by the XRD characterization. XRD can also be used to identify 

different crystal structures of same material. For example, CZTS has two different types of crystal 

structure, kesterite and wurtzite, which can be identified from their different diffraction patterns. 

 

Figure 2-2. Schematic illustration of X-ray diffraction. Black lines represents X-ray and blue dots represent 

atoms. 

The technique is based on the diffraction of X-rays. The lattice spacing in a crystallized material is of 

the same order as the wavelength of the X-ray. This is the reason why the lattice of a crystallized 

material can be used as a grating for X-ray diffraction. A schematic of X-ray scattering by atoms in a 

material is shown in Figure 2-2 in which two parallel X-ray beams are scattered by two neighboring 

atomic planes in the crystal. The lattice spacing is  and the incident angle is , so the path 

difference between the two parallel X-ray beams is calculated to be . When the difference 

equals an integer number of the wavelength of the X-ray, constructive interference occurs and the 

signal is strengthened. The condition for the constructive interference to happen is called Bragg’s 

law,     
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  (2-1) 

For a given crystal, a series of lattice spacing can satisfy equation 2-1 and generate constructive 

interference signals at certain incident angles and form a pattern which is specific to this material. 

In the modern XRD instrument, a  rotation mode is used to collect the signals and output the 

diffraction pattern. In this thesis, XRD data were collected from two XRD machines: a PANalylatical 

X’Pert Pro instrument operated at 40 kV and 40 mA with Cu Kα radiation X-ray source (wavelength = 

1.5406 nm) and a Bruker D2 desktop instrument. The obtained XRD patterns were then compared to 

the database to identify the phase of materials. However, it should be noted that some materials 

have similar XRD diffraction patterns, i.e., in this thesis the target material kesterite CZTS has a 

similar XRD pattern to that of ZnS. The XRD pattern alone therefore is not enough to prove if the 

prepared sample is pure-phased kesterite CZTS. Other techniques such as Raman spectroscopy and 

composition analysis are needed to supplement the XRD characterization. 

For particles which have a crystalline size less than 100 nm, crystalline size can be estimated from the 

XRD pattern by using the Scherrer equation,    

  (2-2) 

In this equation, L is the mean crystallite size, k is the Scherrer constant (typically 0.9 for 

monodispersed spherical crystals with cubic symmetry), λ is the X-ray wavelength,  is the full 

width half maximum (FWHM, which means the peak width at half of the maximum intensity), and  

is the peak position. Considering instrumental broadening,  is equal to the difference 

between the measured FWHM  and the instrumental broadening . However, it should 

be noted that the peak broadening is also affected by other factors, such as strain and structural 

defects. Crystal size calculated by the Scherrer equation is only an estimation of the particle 

dimension. The real crystal size should be checked by other techniques such as SEM and TEM. In this 

work, the Scherrer equation has been applied to estimate the particle size of as-prepared CZTS 

nanocrystals.  
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2.3.1.2 Raman Spectroscopy 

Raman spectroscopy is used in this work to supplement XRD analysis and check if the synthesized 

sample is the target material. As aforementioned, the kesterite CZTS has a similar XRD diffraction 

pattern as ZnS, so XRD characterization alone is not enough to identify the phase of the product. 

Kesterite CZTS and ZnS, however, have different Raman spectra, so Raman spectroscopy is able to 

prove if the product is pure kesterite CZTS or contains ZnS. 

When a laser is incident on a sample, incident photon can be scattered by the sample molecules. 

Two types of scattering take place: elastic scattering and inelastic scattering. Raman spectroscopy is 

based on the inelastic scattering. Inelastic scattering means there is an energy exchange between the 

incident photon and the sample molecule, so the scattered light has a changed wavelength. If part of 

the photon energy is transferred to the molecule, the frequency of scattered light is shifted to lower 

energy. This shift is called a Stokes shift. If the incident photon gains energy from the molecule, an 

anti-Stokes shift occurs. Each material has specific Raman shift values expressed in wavenumber by 

which the material can be identified. Instrumentally, a laser beam is focused on the surface of the 

sample, and then all the electromagnetic radiation from the illumination area is collected and 

separated into single wavelength light by a monochromator to generate the Raman spectrum. In this 

work, Raman spectra were collected on a Renishaw inVia micro-Raman Spectrometer with 532 nm 

laser. 

2.3.2 Morphology Analysis 

2.3.2.1 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is used to investigate the morphology of samples. According to 

the classic Rayleigh criterion for light microscopy, the smallest distance that a microscope can resolve 

is proportionate to the wavelength of the illumination source. Decreasing illumination wavelength 

therefore can improve resolution. Accelerated electrons can have a small wavelength, which provides 

an advantage for imaging with electron beam. According to the de Broglie’s equation, the 

wavelength of electrons is inversely proportional to the square root of their energy,  
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  (2-3) 

In a SEM instrument, a focused electron beam with an accelerating voltage of 2-25 kV is used as the 

‘illumination’ source, SEM therefore has a much higher resolution compared with an optical 

microscope and can provide more detailed information about the morphology of the samples. 

 

Figure 2-3. SEM image of the surface morphology of a TiO2 thin film.  

The interaction between the electron beam and the samples produces various signals, e.g., 

secondary electrons, scattered electrons and characteristic X-rays. Secondary electrons are generally 

collected for imaging because they are produced within a few nanometers of the sample surface and 

contain topographic information. The contrast of the image comes from morphological variation on 

the sample surface. For example, the higher parts receive more irradiation so they produce more 

secondary electrons and appear brighter in the SEM image, and vice versa for the lower parts. Two 

scanning electron microscopes were used in this work, a high resolution field emission gun scanning 

electron microscope (FEG-SEM) LEO Gemini 1525 and an Auriga ZEISS FEG-SEM. They were both 

operated with an accelerating voltage of 5-6 kV. To observe the morphology of as-prepared TiO2 thin 

film (coated on a glass substrate), the film was mounted on an aluminium stub (Agar Scientific UK) by 

a double-sided carbon conductive adhesive tape (Agar Scientific UK). A layer of chromium/gold with 

a thickness of 5-10 nm was coated on the sample to improve the surface conductivity. A SEM image 

of the surface morphology of a TiO2 film is shown in Figure 2-3.  

1 μm 



Chapter 2 

 

62 

 

2.3.2.2 Focused Ion Beam Milling 

As discussed in the previous section, SEM image formed by secondary electrons can only provide 

information about the surface morphology. To check the microstructure beneath the surface, the 

sample needs to be cut through. In this work, focused ion beam (FIB) milling is used to prepare the 

cross-section of TiO2 thin film. FIB system is analogous to SEM except, rather than using a focused 

electron beam, FIB is operated with a focused ion beam. Gallium (Ga) is a common beam source. It is 

ionized in a high electric field to generate Ga+ ions. To mill the sample, a finely focused Ga+ ion beam 

hits the sample surface and removes the materials. In this work, FIB coupled with the Auriga ZEISS 

FEG-SEM was used to obtain the cross-sectional image of TiO2 thin film as displayed in Figure 2-4.  

 

Figure 2-4. SEM image of the cross-sectional morphology of a TiO2 thin film. 

2.3.2.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is employed to investigate the morphology and particle size 

of prepared nanoparticles in this work. Similar to SEM, an electron beam is employed as the 

illumination source, but the electrons are accelerated by a much higher voltage (50-400 kV) than that 

in SEM (2-25 kV). This means the de Broglie wavelength of the accelerated electrons is even shorter, 

which enables higher resolution when used for imaging. TEM is able to observe nanoparticles as 

small as a few nanometers. High-resolution TEM (HRTEM) allows one to see lattice spacing and even 

single atom. Unlike SEM which collects secondary electrons for imaging, TEM generates images from 

transmitted electrons. The TEM samples are therefore required to be very thin to allow electron to 

go through. In this work, colloidal nanoparticles were observed by TEM. TEM samples were prepared 

300 nm 
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by drop-casting dilute nanoparticle-toluene dispersion onto carbon-coated copper TEM grids (300 

mesh, Agar Scientific UK)/carbon-coated nickel TEM grids (300 mesh, Agar Scientific UK). The TEM 

grids were then dried in a fume hood overnight before loaded into the TEM chamber. Two 

transmission electron microscopes were used in this work, a JEOL 2000FX microscope and a 

high-resolution JEM-2100F microscope. They were both operated with an accelerating voltage of 200 

kV. 

2.3.3 Composition Analysis 

 

Figure 2-5. Schematic illustration of X-ray generation for EDX detection. Blue represents nucleus, yellow 

represents an electron, and white with a dash line represents a vacancy. Green and red wavy lines 

represent incoming electron beam and emitted X-ray respectively. 

Energy dispersive X-ray spectroscopy (EDX) is employed to analyze the elemental composition of 

samples. As discussed in the SEM section, when a focused electron beam is incident on a sample, the 

interaction between the electrons and the sample atoms produce various signals. Characteristic 

X-rays are collected for elemental analysis. The generation of X-rays can be explained in the 

Rutherford-Bohr atom model as illustrated in Figure 2-5. In this atom model, electrons move around 

the positive nucleus in different orbitals. The closer the orbital is to the nucleus, the lower its energy 

is. When an atom is excited by an electron beam (Figure 2-5a), a vacancy is produced in the 

lower-energy inner orbital (Figure 2-5b). An electron from the outer orbital then fills the vacancy and 

the excess energy is released in the form of X-ray (Figure 2-5c). The energy of generated X-ray is 

determined by the specific orbital structure of the atom ( ). It is therefore characteristic of 
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the element. The emitted X-rays are detected by an X-ray detector. Instrumentally, the X-ray detector 

is usually coupled with SEM or TEM. While secondary electrons are collected for imaging in a SEM 

instrument, X-rays are collected for composition analysis. The coupling of SEM or TEM with EDX 

provides a convenient method to find the sites of interest before collecting X-rays for composition 

analysis. In this work, the Oxford Instruments INCA energy dispersive X-ray spectrometers were used 

for X-ray detection. To investigate the chemical composition of samples, as-prepared CZTS powder or 

thin film were mounted on an aluminium stub (Agar Scientific UK) by a double-sided carbon 

conductive adhesive tape (Agar Scientific UK). EDX analysis was carried out with an accelerating 

voltage of 15 kV in a SEM instrument. To improve the reliability, signals from at least six random sites 

were collected and analyzed to obtain an average composition of the sample. 

2.3.4 Optical Studies 

Ultraviolet-visible spectroscopy (UV-Vis) is used to test the optical properties of samples. When a 

monochromatic light is incident on a sample, part of light will be absorbed by the sample. The 

absorption varies as the wavelength of incident light changes. A spectrum of absorption as a function 

of wavelength is obtained when the spectrometer scans all wavelengths from the ultraviolet to the 

visible region. Absorption can be presented as transmittance (T) or absorbance (A). As shown in 

Figure 2-6, I0 and I are the intensity of incident light and transmitted light respectively. Transmittance 

T is expressed as 

  (2-4) 

If the scattering and reflectance is negligible, absorbance A is expressed as 

  (2-5) 

For semiconductor thin films, UV-Vis absorption spectroscopy is a useful tool to evaluate bandgap of 

materials. For a direct bandgap material, the variation of the optical absorption coefficient  with 

the frequency of light  is given by 7 
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Figure 2-6. Schematic illustration of light absorption by the sample. 

The bandgap value of a semiconductor thin film therefore can be obtained by plotting ( )2 versus 

 and extrapolating the linear region, which is called as Tauc plot. In the reported works 8, 9, Tauc 

plot is also used as a convenient approach to estimate the bandgap of semiconductor nanoparticles. 

In this thesis, UV-Vis absorption spectrum was recorded by a Perkin Elmer, LambdaBIo10 

spectrometer with a spectral resolution of 2 nm.  

2.3.5 Photoelectrochemical Studies 

 

Figure 2-7. Schematic illustration of the three-electrode system for photoelectrochemical characterization. 

Photoelectrochemical characterization is carried out in a three-electrode system controlled by a 

potentiostat. The schematic of the system is shown in Figure 2-7. The three electrodes refer to the 

working electrode, the counter electrode and the reference electrode respectively. They are placed 

in a cell filled with an electrolyte. The prepared thin films in this work are used as the working 

electrode. The potential applied on the working electrode is set at a value against the fixed potential 

  (2-6) 
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of the reference electrode.  

When a monochromatic light is incident on the sample, electron and hole pairs are produced in the 

semiconductor thin films if the incident light has a higher energy than the bandgap value of the 

semiconductor. The separation and collection of charge carriers produce a transient photocurrent 

upon illumination. In this work, photocurrent response is presented in terms of transient 

photocurrent J or incident photon to current efficiency (IPCE). IPCE is calculated from the transient 

photocurrent. It varies when the wavelength of the incident light changes. A plot of IPCE as a 

function of wavelength can be obtained, which provides the information of the photocurrent 

response in the spectrum range of interest. IPCE is calculated as 

 

 
(2-7) 

For the monochromatic light which has a wavelength of λ (nm), the energy of a single photon is 

  (2-8) 

where h is the plank constant (6.63x10-34 J s), c is the speed of light (3x108 m s-1). 

If the density of incident light is Po (W cm-2), the incident photons flux No (cm-2 s-1) is 

  (2-9) 

If the photocurrent density is Jo, the collected charge carrier flux no (cm-2 s-1) is 

  (2-10) 

where e is the elementary charge (1.602 x10-19 C) 

Combining all the above equations and units, IPCE can be calculated as, 

  (2-11) 
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Experimentally, the photocurrent was measured at room temperature in a three-electrode cell fitted 

with fused silica windows. The 90 W xenon lamp and PTi LPS-220B power supply in conjunction with 

a PTi SID-101 monochromator and a chopper were used to illuminate the samples. In some cases, a 

green LED (λ = 530 nm) was also used to induce the transient photocurrent. The intensity of the 

incident light was monitored by a PM100A, Thorlabs power meter. A computer controlled μ-Autolab 

potentiostat was used to measure the photocurrent. A platinum mesh was used as a counter 

electrode. An Ag/AgCl/saturated KCl electrode or Ag/AgCl/1 M KCl electrode was used as the 

reference electrode. Different electrolytes were used for different types of photoelectrodes and 

detailed information can be found in each chapter.  

2.3.6 Solar Cell Test 

The solar cell performance was examined on a commercial system (Newport, LCS-100TM, 94011A) 

with simulated solar irradiation. Light from a xenon arc lamp was passed through a filter to generate 

AM 1.5G spectrum. The incident light intensity was adjusted to 100 mW cm-2 (one sun) by Dr. Xu Wu. 

The current-voltage (J-V) curve was recorded using a Keithley 2400-LV source meter. 
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Chapter 3. Synthesis of Kesterite CZTS Nanocrystals 
and Their Application as Sensitizers in Photoanodes 

3.1 Introduction 

Wet chemical synthesis of Cu2ZnSnS4 (CZTS) nanocrystals provides a convenient route to control the 

size and composition of the particles as well as their surface properties. Among various 

solution-based synthetic techniques, the hot-injection method has been widely used for the 

preparation of CZTS nanocrystals since the first publications about CZTS nanoparticle synthesis in 

2009 1-3. The recipes from these pioneering papers have been frequently adopted in other reports. 

The method from one of the works 2 is especially popular due to its ease and reproducibility 4-7  

Some reports use the same experimental parameters as stated in the original paper while others 

slightly modify the synthesis condition. For example, in the original paper 2 the metal precursors have 

a stoichiometric ratio Cu:Zn:Sn = 2:1:1, while in the modified recipes normally a decreased amount 

of Cu and an increased amount of Zn are used to circumvent the Cu-rich and Zn-poor composition in 

the original product 8. However, no systematic study has been carried out to explore the influence of 

experimental parameters on the formation of the target material. In the first part of this chapter, the 

synthesis of CZTS nanocrystals has been investigated. Experimental conditions such as reaction 

temperature, reaction time and ratio of metal precursors were systematically changed and their 

influence on the phase, chemical composition and particle size of the resulting nanoparticles was 

examined. 

In the past few years, much effort has been made in the development of semiconductor sensitized 

solar cells (SSSCs) in which nanocrystals are employed as the absorber materials. CZTS nanocrystals 

seem to be a promising sensitizer material due to their suitable bandgap, high optical absorption 

coefficient and low cost. In analogy, CuInS2 nanocrystals, actually were successfully employed as 

sensitizers in SSSCs and achieved a conversion efficiency of 6.6% 9-12, which motivates the utilization 

of CZTS nanocrystals as a sensitizer material. 

To date, only limited work has been done on the topic of CZTS nanocrystal based SSSCs; CZTS has 
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been used as a sensitizer only in two reports 13, 14. In the first report 13, CZTS powder was prepared by 

a solid-state reaction. Although CZTS was claimed to be in the form of ‘nanopowder’, no 

morphological information of the CZTS particles, e.g., SEM/TEM images, were presented. To the best 

of our knowledge, powder prepared by the solid-state reaction is generally heavily aggregated and 

the particle size is much larger than the size of nanocrystals synthesized by the hot-injection method. 

The penetration of such CZTS particles into the porous TiO2 film therefore should be very difficult. In 

the second report 14, CZTS nanocrystals prepared by a hot-injection method were employed as the 

sensitizers, but methanol was used as a solvent in the polysulfide electrolyte. As pointed out by 

Hodes 15 and Bisquert et al. 16, methanol is a sacrificial donor which causes an artificial increase in 

the solar cell conversion efficiency. A platinum counter electrode was also used, however, platinum 

was proved to be a very poor electrode in the polysulfide system more than three decades ago 17. In 

addition, apart from the solar cell measurement there has been no investigation into the 

photoelectrochemical properties of the CZTS sensitized TiO2 photoanodes in either paper.  

In the second part of this chapter, CZTS nanocrystals prepared by the hot-injection method were 

used as sensitizers for the fabrication of CZTS sensitized TiO2 photoanodes. For the first time, a 

comprehensive study on the photoelectrochemical properties of CZTS sensitized TiO2 photoanodes 

was carried out. A CZTS sensitized solar cell was made by assembling the TiO2-CZTS photoanode, a 

CoS counter electrode and aqueous polysulfide electrolyte. This work shows the feasibility of utilizing 

CZTS nanocrystals as a sensitizer material in SSSCs and suggests future avenues of study for 

photoanode design and development. 

3.2 Experimental 

3.2.1 Preparation of CZTS Nanocrystals 

CZTS nanocrystals were synthesized by a hot-injection method as described in section 2.2.1 following 

procedures from the literature 2. Various parameters such as reaction temperature, reaction time 

and precursor stoichiometry were systematically changed and their influence on the phase, chemical 

composition and size of the resulting particles were investigated. The details of the reaction 
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conditions are listed in Table 3-1. 

Table 3-1. Reaction conditions for CZTS nanocrystal synthesis. Four groups of experiments were carried out, 

within each group there was one variable which is highlighted in bold in the table. In the original 

synthesis, 1 mmol Cu(acac)2, 0.5 mmol Zn(OAc)2 and 0.5 mmol SnCl2 were used. 

Element Atomic Ratio in Reactants 
Reaction Temperature (oC) Reaction Time (hr) 

Cu/Sn Zn/Sn 

2.0 1.0 190 1 

2.0 1.0 210 1 

2.0 1.0 230 1 

2.0 1.0 250 1 

2.0 1.0 270 1 

2.0 1.0 250 0.5 

2.0 1.0 250 1.5 

2.0 1.0 250 2.0 

1.8 1.0 250 1 

1.6 1.0 250 1 

1.4 1.0 250 1 

1.2 1.0 250 1 

1.8 1.1 250 1 

1.8 1.2 250 1 

1.8 1.3 250 1 

1.8 1.4 250 1 

3.2.2 Fabrication of CZTS Sensitized TiO2 Photoanodes 

Photoanodes were made using TiO2 thin films as the wide-bandgap substrate material and CZTS 

nanocrystals as the sensitizers. TiO2 thin films were fabricated from an as-prepared TiO2 paste as 

described in section 2.2.2. The washed CZTS nanocrystals were dispersed in toluene to form a 

suspension with a concentration of ca. 5 mg cm-3. To obtain a homogenous suspension, wet 

nanoparticles were dispersed in toluene immediately after washing; dry nanoparticles formed 

aggregates which could not be dispersed in toluene. Before immersing TiO2 thin films into the 

nanoparticle suspension, the films were heated at 150 oC for 10 min on a hot plate to remove 
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adsorbed moisture. The films were then soaked in the suspension for 1-48 hr before removal. Excess 

CZTS nanoparticles on the surface of TiO2 films were washed away by toluene. The films were left to 

dry for > 24 hr in a glovebox filled with argon where both H2O and O2 contents were less than 0.1 

ppm. The films were then heated on a hot-plate in the glovebox at 250 oC-350 oC for 1 hr.  

Photoelectrochemical studies of TiO2-CZTS thin films were carried out in a three-electrode cell as 

described in section 2.3.5. All measurements were recorded at 0 V against an Ag/AgCl/saturated KCl 

reference electrode. The electrolyte used for photocurrent measurement was a 0.5 M sodium 

sulphite (Na2SO3, >98%, Sigma-Aldrich) aqueous solution. The pH value of the solution was adjusted 

to 7 with concentrated sulphuric acid (95%, VWR International). 

3.3.3 Fabrication of CZTS Sensitized TiO2 Solar Cell  

TiO2 thin films with a compact layer were made as described in section 2.2.2. The film was then 

soaked in the CZTS nanocrystal toluene suspension for 6 hr, followed by a heat treatment at 350 oC 

for 1 hr. The TiO2-CZTS thin film was used as a photoanode in a solar cell. The solar cell was prepared 

following the procedures set out in section 2.2.5. Solar cell tests were carried out as described in 

section 2.3.6. 

3.3 Results and Discussion 

3.3.1 Synthesis of kesterite CZTS nanocrystals 

3.3.1.1 Influence of Reaction Temperature 

Temperature is a key parameter for chemical reactions. To explore the influence of temperature on 

the synthesis of target material, experiments were conducted at 190 oC, 210 oC, 230 oC, 250 oC and 

270 oC respectively, while other parameters were kept constant as listed in Table 3-1. Figure 3-1a 

shows XRD patterns of samples prepared at these temperatures. The XRD patterns are all similar, 

suggesting a common crystal phase. All the patterns have distinguishable peaks, indicating that 

as-prepared powders are crystallized. The XRD pattern at 190 oC, in common with other 

temperatures, can be indexed to kesterite Cu2ZnSnS4 (JCPDS#026-0575) (Figure 3-1b). However, the 
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diffraction pattern alone cannot be used to verify the formation of the material because tetragonal 

Cu2SnS3 and cubic ZnS give rise to similar peak patterns, and thus other characterization techniques 

such as composition analysis and Raman spectroscopy are required to confirm the phase of the 

product. 

  

 
Figure 3-1. (a) XRD patterns of samples prepared at different reaction temperatures; (b) XRD pattern of the 

sample prepared at 190 oC compared with reference patterns of kesterite CZTS JCPDS#026-0575 

(bule), JCPDS#027-0198 tetragonal Cu2SnS3 (green) and cubic ZnS JCPDS#005-0566 (red) which are 

identical to each other; (c) average crystallite size estimated from three dominate peaks of the XRD 

patterns in (a) by using the Scherrer equation. 

The diffraction peaks become sharper as the temperature increases (Figure 3-1a), which may be 

caused by an improved crystallinity as well as an increased average crystallite size. The average 

crystallite size can be estimated from the full width half maximum (FWHM) of three dominant peaks 

at ca. 28.5o, 47.5o and 56.2o by using the Scherrer equation (equation 2-2 in chapter 2). The size of 

the crystals calculated by the Scherrer equation increases as the reaction temperature rises (Figure 

(a) (b) 

(c) 
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3-1c).  

In addition, the particle sizes of the samples were investigated using TEM (Figure 3-2). Similar to the 

results calculated from XRD peak broadening, the average particle size revealed by TEM also shows 

an overall increase with reaction temperature (Figure 3-3a). It is noted that the particle size 

calculated from XRD peak broadening is different from that obtained by TEM. This is because FWHM 

used for size calculation is not only affected by the particle size but also influenced by other factors 

such as strain and defects. Therefore, Scherrer equation only gives an estimation of the particle size. 

Moreover, the particle size calculated from XRD diffraction pattern provides an average value from 

numerous nanoparticles, while particle size obtained from TEM only gives an average value from 

limited number of particles (e.g.100 particles in this case). That is why there is a difference between 

the particle sizes obtained by the two methods as shown in Figure 3-1c and Figure 3-3a. Nevertheless, 

the change of particle size follows similar trend in the two figures.  

As shown in Figure 3-3a, when the sample is prepared at 190 oC, the particles have a small average 

size of less than 9 nm but a wide size distribution (Figure 3-3a). The standard deviation to average 

particle size ratio is as high as 0.7 (Figure 3-3b). Nanocrystals synthesized at 210 oC, 230 oC and 250 oC 

all have narrower size distribution compared with those prepared at 190 oC. When the reaction 

temperature is further increased to 270 oC, the size distribution becomes wider again (Figure 3-2e). 

Among the three temperatures, 210 oC, 230 oC and 250 oC, it is found that 250 oC gives rise to higher 

product yield than the other two lower temperatures. Moreover, it is considered that higher 

temperature may provide better crystallinity to the resulting nanocrystals. In the subsequent 

experiments, the reaction temperature was set at 250 oC for the nanoparticle synthesis.  
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Figure 3-2. TEM images of particles synthesized at different reaction temperatures and the average particle 

size under each reaction temperature. The average particle size is obtained by measuring more than 

100 particles from a few TEM images using ImageJ software 18. 

(a) 190oC 

(c) 230oC 

(b) 210oC 

(d) 250oC 

(e) 270oC 
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Figure 3-3. (a) Average particle size of nanocrystals calculated from data in Figure 3-2; (b) ‘Standard deviation’ 

to ‘Average particle size’ ratio of each sample prepared at different temperature. 

3.3.1.2 Influence of Reaction Time 

To check the influence of reaction time on the sample synthesis, the reaction was allowed to last for 

0.5-2 hr. The XRD patterns of samples are shown in Figure 3-4. These patterns resemble each other. 

With the increase of reaction time, no obvious changes are observed in the peak FWHM between 

XRD patterns of different samples, which means the particle size does not change significantly as the 

reaction time is extended. For example, the average crystallite size calculated by the Scherrer 

equation is 8.9 ± 0.7 nm when the reaction time is 0.5 hr, while the average size is 8.8 ± 0.8 nm for a 

reaction of 1.5 hr.  

 

Figure 3-4. XRD patterns of samples prepared with different reaction time. 

 

(a) (b) 
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On the other hand, EDX analysis shows the elemental composition of the samples evolves with the 

reaction time. Table 3-2 lists the average compositions of samples obtained with different reaction 

durations; the atomic contents of Cu, Zn and S are normalized to the atomic content of Zn. As can be 

seen from Table 3-2, for any given reaction time the samples are deficient in Zn. The Cu/Zn ratio and 

Sn/Zn ratio are greater than 2.0 and 1.0 respectively which are the expected values for ideal CZTS. 

The Zn-deficient CZTS composition was reported in the original paper 2 as well as in other synthese 1. 

The reason for this phenomenon is the lower reactivity of Zn compared with Cu and Sn 19. With 

increased reaction time from 1.0 hr to 1.5 hr, the metal ratios in the samples do not vary noticeably 

but the sulfur content is decreased. This is considered to be caused by the decomposition of the 

product 20. As the reaction progresses, the dissolved elemental sulfur in the oleylamine, in addition 

to participating in the formation of CZTS nanoparticles, is able to escape from the high-temperature 

solvent and be transported away by the argon gas. It is therefore observed that the inner side of the 

condenser (see hot-injection apparatus in Figure 2-1) has a layer of yellow substance after the 

synthesis. The continuous loss of sulfur in the solvent finally causes the loss of sulfur in the 

nanocrystals due to the equilibrium between the sulfur in the solvent and sulfur in the nanoparticles. 

The metal-to-sulfur ratio in each sample, (Cu+Zn+Sn)/S, is plotted in Figure 3-5 according to the 

particle composition data of samples in Table 3-2. It shows the metal-to-sulfur ratio is close to 1.0 

when the reaction time is 1 hr. However, after 1 hr, the metal-to-sulfur ratio increases because of the 

loss of sulfur in the nanocrystals. In the subsequent experiments, the reaction time was fixed to be 1 

hr. 

 

 

 

 

.  
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Table 3-2. Average composition of samples prepared with different reaction time. 

Reaction Time (hr) Average Composition 

0.5 Cu2.72ZnSn1.24S4.33 

1.0 Cu2.87ZnSn1.39S4.93 

1.5 Cu2.88ZnSn1.27S4.25 

2.0 Cu2.94ZnSn1.29S4.29 

 

Figure 3-5. Metal to sulfur ratio in the samples prepared with different reaction time. 

3.3.1.3 Influence of Precursor Ratio  

As discussed in the previous section, the obtained particles are Cu-rich, Sn-rich and Zn-deficient. A 

direct approach to adjust the composition of the product is to change the initial amount of reactants 

unproportionally. 

In the original synthesis, the Cu/Sn ratio in the reactants is equal to 2.0, but the Cu/Sn ratio in the 

product is far greater than 2.0. For instance, the average composition of the sample is 

Cu2.87ZnSn1.39S4.93 after 1 hr reaction (Table 3-2). To reduce the content of Cu in the product, initial 

Cu/Sn ratio in the precursors is lowered to 1.8, 1.6, 1.4 and 1.2. The XRD patterns of different 

samples are shown in Figure 3-6. When the Cu/Sn ratio is reduced to 1.8, no obvious change on the 

XRD pattern can be observed. However, a further decrease of Cu/Sn ratio to 1.6 causes extra 

diffraction peaks in the range of 30o-33o (arrow in Figure 3-6). These extra peaks are assumed to be 

from impurities formed in the system. The impurity peak at 32o becomes stronger when the Cu/Sn 



Chapter 3 

 

78 

 

ratio is reduced to 1.4. A sharp peak appears at the same 2  position when the Cu/Sn ratio is further 

decreased to 1.2.  

The average compositions of samples obtained with different initial Cu/Sn precursor ratios are 

summarized in Table 3-3. As expected, the copper content in the product is decreased when the 

initial Cu precursor supply is reduced. For example, when the Cu/Sn ratio in the reactants decreases 

to 1.8, the Cu/Zn ratio in the product becomes 2.42 compared with 2.87 when the initial Cu/Sn ratio 

is 2.0. Further reducing Cu/Sn ratio to 1.6 gives a Cu/Zn ratio approaching 2.0 in the product but as 

revealed by XRD, impurities are formed under this experimental condition. This part of work shows 

that Cu/Sn ratio in the reactants can only be reduced to a certain extent to avoid the formation of 

impurities. The Cu/Sn ratio in the precursors can only be reduced to 1.8 and the sample prepared 

under this condition is still Cu-rich.  

 
Figure 3-6. XRD patterns of samples prepared with different initial Cu/Sn ratios. 
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Table 3-3. Average composition of samples prepared with different initial Cu/Sn ratio. 

Initial Cu/Sn Average Composition 

2.0  Cu2.87ZnSn1.39S4.93 

1.8 Cu2.42ZnSn1.21S4.12 

1.6 Cu1.99ZnSn1.18S3.90 

1.4 Cu1.86ZnSn1.17S3.93 

1.2 Cu1.24ZnSn0.97S3.04 

The Zn/Sn ratio in the reactants was also changed to address the Zn-poor issue. The Zn/Sn precursor 

ratio was increased to 1.1, 1.2, 1.3 and 1.4 while the Cu/Sn ratio was fixed at 1.8. The powder XRD 

patterns of different samples are shown in Figure 3-7. Unlike the change of Cu/Sn ratio which has an 

obvious influence on the XRD patterns of the products (Figure 3-6), the variation of Zn/Sn ratio 

causes no distinct change on the XRD patterns overall. However, close observation reveals that a 

broad peak at 51o evolves when the Zn/Sn ratio is more than 1.2. This broad peak becomes stronger 

when the Zn/Sn ratio is increased to 1.4 (arrow in Figure 3-7).  

The average compositions of samples prepared with different initial Zn/Sn ratios are listed in Table 

3-4. It can be seen that the Zn/Sn ratio approaches 1.0 in the product when the Zn/Sn ratio in the 

reactants equals 1.1. A further increase of Zn/Sn ratio does not improve the incorporation of Zn in 

the products and the Zn/Sn ratio remains at around 1.0, the ideal value. Meanwhile, the Cu/Sn ratio 

decreases continuously as the Zn/Sn ratio in the precursors increases. When the initial Zn/Sn ratio 

becomes 1.2, the Cu/Sn ratio in the product is reduced to 2.05, close to Cu/Sn = 2.0 in the ideal CZTS. 

Combining the results from XRD characterization and composition analysis, the optimal Zn/Sn 

precursor ratio is 1.2. 
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Figure 3-7. XRD patterns of samples prepared with different initial Zn/Sn ratios. 

Table 3-4. Average composition of samples prepared with different initial Zn/Sn ratio. 

Initial Zn/Sn Average Composition 

1.0  Cu2.42ZnSn1.21S4.12 

1.1 Cu2.16ZnSn0.95S3.31 

1.2 Cu2.05ZnSn1.07S3.74 

1.3 Cu2.00ZnSn1.05S3.82 

1.4 Cu1.83ZnSn0.98S3.44 

To summarize, formation of CZTS nanocrystals is more sensitive to the change of the amount of Cu 

precursor than the variation in the amount of Zn precursor. A reduction of 20% Cu precursor causes 

extra peaks from impurities while a decrease of 20% Zn does not have an obvious influence on the 

XRD pattern. To obtain the sample which has a composition approaching the stoichiometric CZTS, 

Cu/Sn ratio in the reactant should be 1.8 and the Zn/Sn ratio should be 1.2.  

TEM image of nanoparticles synthesized under the optimal condition for stoichiometry is shown in 

Figure 3-8a. The particles have an average size of 10.5 ± 1.8 nm (Figure 3-8b). Figure 3-8c shows the 

high-resolution TEM (HRTEM) image of the nanoparticles in which lattice fringes can be clearly 

observed, indicating the as-prepared nanoparticles are crystalline. The crystalline nature of 

as-prepared nanoparticles is also confirmed by the XRD pattern which displays distinct peaks (Figure 
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3-7, pattern ‘Zn/Sn = 1.2’). The predominant lattice spacing in the HRTEM images is about 0.31 nm 

which corresponds to the (112) plane of kesterite CZTS.  

  

 
Figure 3-8. (a) TEM images of particles synthesized with Cu/Sn = 1.8 and Zn/Sn = 1.2 in the reactants at 250 

oC; (b) histogram of nanoparticle size distribution in (a); (c) high-resolution TEM images of 

nanoparticles shows the lattice space. 

The chemical composition of the prepared sample on nanoscale was investigated by EDX elemental 

mapping coupled with scanning transmission electron microscopy (STEM) under dark-field mode. As 

shown in Figure 3-9, Cu, Zn, Sn and S are evenly distributed in all nanoparticles and no noticeable 

compositional distribution among the particles is observed. This means the obtained nanocrystals 

are very likely to be CZTS rather than a mixture of Cu2SnS3 and ZnS, because the latter will cause the 

inhomogeneous distribution of different elements. 

 

(a) (b) 

(c) 
0.310 nm 

0.309 nm 

0.311 nm 
0.311 nm 
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Figure 3-9. STEM-EDX elemental mapping of CZTS nanocrystals. The images were obtained on a JEM-2100F 

microscope at an accelerating voltage of 200 kV. 

Raman spectroscopy is employed to further investigate the phase of the prepared nanocrystals as 

XRD characterization alone is insufficient to verify the material due to the similar XRD diffraction 

patterns of kesterite CZTS, Cu2SnS3 and cubic ZnS. A Raman spectrum of the sample recorded under 

the excitation of a 532 nm laser is shown in Figure 3-10. The maximal peak is observed at 338 cm-1, 

similar to the values reported in the literature (331-339 cm-1) for kesterite CZTS nanocrystals 21, 22 or 

bulk CZTS films 23, 24. This peak corresponds to the vibration of sulphur atoms in CZTS (mode-A) which 

is characteristic of kesterite CZTS phase 22, 25. The second strongest peak detected at 298 cm-1 also 

comes from the mode-A vibration of kesterite CZTS 22. In addition, shoulder peaks centered at 353 

cm-1 and 367 cm-1, and broad peak centered at 145 cm-1 are observed, which can be attributed to 

other vibration modes of kesterite CZTS 22, 25. The Raman spectrum therefore confirms the formation 

of kesterite CZTS nanocrystals.  

STEM  
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Figure 3-10. Raman spectrum of CZTS nanocrystals. A green laser (532 nm) was used for the measurement. 

UV-Vis absorption spectrum of the nanocrystals is displayed in Figure 3-11. The band gap of the CZTS 

nanocrystals is estimated to be 1.49 eV by extrapolating the linear region of a plot of ( )2 versus 

 as shown in the inset of Figure 3-11 (see section 2.3.4). The observed bandgap corresponds with 

the value reported in the literature 1.4-1.6 eV. 

 

Figure 3-11. UV-Vis absorption spectrum of the as-synthesized CZTS nanoparticles. Inset shows the ( )2 

versus  plot which gives an estimation of bandgap. 
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3.3.2 CZTS Nanocrystals as Sensitizers in Photoanode 

3.3.2.1 Optical Analysis 

The as-prepared CZTS nanocrystals were used as sensitizers for TiO2 thin films. Photoanodes were 

made via direct adsorption of CZTS nanocrystals into porous TiO2 thin films and then the films were 

annealed on a hot-plate. This process results in a development of a brownish coloration of the films. 

The absorption spectrum of an annealed TiO2-CZTS film in the visible spectral range is displayed in 

Figure 3-12a. It is noted the absorption spectra are plotted from 450 nm, because the signals at 

shorter wavelength are very noisy, which may be caused by the strong absorption of TiO2 film and 

also the FTO glass substrate. The absorption spectra of a TiO2-only film and an unannealed TiO2-CZTS 

film are also presented for comparison. Compared with the TiO2-only film, sensitization by CZTS 

results in an increased light harvesting. This is due to an enhanced absorbance per unit volume. For 

the TiO2-CZTS film without heat treatment, absorbance only increases by about 10% at 450 nm, 

while for the sample annealed at 350 oC, a 80% enhancement has been observed. The heat 

treatment temperature, 350 oC, is only 100 oC higher than the CZTS nanoparticle synthesis 

temperature. However, this heat treatment plays an importance role in improving light harvesting as 

revealed by the enhanced absorbance. 

  

Figure 3-12. (a) UV-Vis absorption spectra of TiO2-only film, TiO2-CZTS film before and after annealing at 350 
oC; (b) absorption spectra of CZTS film before and after heat treatment. 

To help understand the effect of heat treatment, CZTS-only films were prepared since the increased 

(a) (b) 
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light harvesting of TiO2-CZTS film compared with TiO2-only film comes directly from CZTS 

nanocrystals. CZTS films were made by depositing CZTS nanoparticles on FTO substrate by 

dip-coating. The UV-Vis absorption spectra before and after annealing at 350 oC are presented in 

Figure 3-12b. The simple heat treatment leads to a 110% absorbance enhancement at 450 nm, which 

is considered to be the reason for the improved absorbance of TiO2-CZTS film after heat treatment. 

The increased optical absorption of CZTS nanocrystals after heat treatment has also been reported in 

other literature 26. 

3.3.2.2 Sensitization and Basic Mechanism 

TiO2-CZTS thin films were used as working electrodes in a three-electrode cell. A positive transient 

photocurrent signal was collected (Figure 3-13a) upon illumination from a green LED, which suggests 

the films can be used as photoanodes in photoelectrochemical cells. IPCE curves against wavelength 

were also recorded. The photoresponse of the TiO2-only film was also measured as a blank control 

(Figure 3-13b). Samples were illuminated from both the front side and the back side for IPCE 

measurement. For the front side illumination, light was incident directly on the thin film; for the back 

side illumination, light passed through the glass substrate onto the thin film. Compared with the 

TiO2-only film, TiO2-CZTS films have higher IPCE value regardless of illumination direction across the 

whole visible spectrum. It is noted that the IPCE value of the sensitized film at 450 nm increases by 

15 times compared with that of TiO2-only film when illuminated from the back side. These 

observations indicate that TiO2 film has been successfully sensitized by CZTS nanocrystals.  
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Figure 3-13. (a)Transient photocurrent of TiO2-CZTS film recorded under illumination from a green LED (λ = 530 

nm); (b) IPCE curves of TiO2 only film and TiO2-CZTS film annealed at 350 oC, films are illuminated 

from both front side and back side; (c) enlarged spectrum ‘TiO2-CZTS Front’ in (b) and normalized 

UV-Vis absorption spectrum of the film. 

The sensitization mechanism is analogous to the working principle of photoanodes in conventional 

DSSCs. The schematic illustration is shown in Figure 3-14a-b. Upon illumination, CZTS nanocrystals 

harvest photons which have an energy higher than its bandgap, ca. 1.5 eV (Figure 3-11), and 

electrons are excited from the low-energy valence band (VB) to the high-energy conduction band 

(CB), leaving a hole in the VB. Electrons then travel across the CZTS-TiO2 interface and inject into the 

CB of TiO2. Finally, electrons are transported to the external circuit through transparent conductive 

glass. Meanwhile holes in the VB of CZTS are consumed by Na2SO3 in the aqueous electrolyte. CZTS 

nanocrystals can be excited by visible light and produce electron-hole pairs due to the relatively small 

bandgap. This is why CZTS sensitized TiO2 film has higher IPCE value compared with TiO2-only film in 

the visible spectral range (Figure 3-13b). 

According to the reference 27, TiO2 has a bandgap of 3.2 eV with the CB edge lying at approximately 

(b) (c) 

(a) 

Light on 

Light off 
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-4.3 V with respect to vacuum at pH = 1. The CB edge is therefore calculated to be at ca. -3.9 V by 

using Nernst equation when the electrolyte is of pH = 7. On the other hand, CZTS has a CB edge close 

to -3.8 V and a VB edge at about -5.2 V according to a photoelectrochemical study 28. The band 

position diagram of TiO2 and CZTS is plotted in Figure 3-14c according to these data. The energy 

difference between the CB of CZTS and the CB of TiO2 is the driving force for electron injection. 

 

Figure 3-14. Schematic of (a) TiO2-CZTS film; (b) charge transfer process upon illumination; (c) band position 

diagram of TiO2 and CZTS; (d) possible recombination paths in the system. 

3.3.2.3 Influence of Illumination Direction 

A substantial difference in IPCE is found when the illumination is incident on the TiO2-CZTS film from 

different sides. First, IPCE recorded under back side illumination is generally higher than that under 

front side illumination (Figure 3-13b). Second, IPCE curve under back side illumination resembles the 

optical absorption spectra while that under front side illumination has a peak value at ca. 570 nm 

(Figure 3-13c).  
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For the first difference, we attribute it to the average shorter length that electrons have to travel 

before reaching the FTO substrate when light is incident from the back side. The shorter distance 

means a decreased recombination probability for electrons. As revealed by Zaban et al. 29, in a 

photoelectrochemical cell, recombination can take place in various ways. As shown in Figure 3-14d, 

photoexcited electrons in the CB of CZTS can recombine with holes in the VB and electrons may also 

interact with chemical species in the electrolyte; some of the electrons may be captured by the 

surface states as well. Moreover, the injected electrons in TiO2 can also recombine with holes in the 

sensitizer or react with the electrolyte. These undesired recombination routes cause electron loss 

and reduce the electron collection efficiency. When samples are illuminated from the front side, 

photogenerated electrons are formed close to the surface and have average longer distance to travel 

before reaching the FTO substrate. These electrons suffer from higher recombination probability, 

which leads to lower IPCE value.  

For the second difference, the change of charge carrier distribution in the film upon illumination of 

different wavelength is probably the main reason. According to Riha’s calculation on the absorption 

profile of CZTS thin film 26, charge carriers are created throughout the film when a long-wavelength 

light is incident, while electrons are produced within the first few hundred nanometers in the case of 

a short-wavelength light. Upon the visible light illumination, TiO2-CZTS film should have a similar 

charge carrier distribution profile as CZTS thin film, because in the TiO2-CZTS film it is CZTS which is 

responsible for harvesting photon and generating charge carriers. In terms of light harvesting, the 

TiO2-CZTS film absorbs more strongly under shorter-wavelength light (Figure 3-13c), which means 

more electrons are generated by the shorter-wavelength light than by the longer-wavelength light. 

Under back illumination, electrons produced by the shorter-wavelength light are closer to the FTO 

glass substrate and can be collected efficiently, while electrons generated by the longer-wavelength 

light are distributed throughout the film and those close to the surface are poorly collected. 

Therefore, the maximal IPCE occurs at the shortest wavelength and the minimal IPCE appears at the 

longest wavelength, the shape of IPCE curve resembling the optical absorption spectrum. Under 

front-side illumination, although more electrons are generated by shorter-wavelength light, they are 
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more confined to the electrode-electrolyte interface and are collected poorly. On the contrary, fewer 

electrons are generated by the longer-wavelength light but they are distributed more towards the 

back contact and are collected more efficiently. A tradeoff between the electron distribution and 

collection efficiency results in a maximal IPCE value at 570 nm. 

3.3.2.4 Influence of Heat Treatment 

 

Figure 3-15. (a-b) IPCE of photoanodes annealed at different temperatures illuminated from front side; (b-c) 

illuminated from back side. 

The influence of heat treatment on the TiO2-CZTS films was investigated by photocurrent 

measurement. IPCE curves of photoanodes from both front and back illumination are presented with 

respect to the annealing temperature. IPCE of the film without heat treatment is also given as a 

reference. As can be seen from Figure 3-15a, the unannealed sample shows a poor photoresponse. 

The IPCE at 570 nm of the 350 oC annealed sample is ca. 20 times that of the unannealed film (Figure 

3-15b). As the heat treatment temperature increases, the IPCE is enhanced in the whole spectrum 
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regardless of illumination direction (Figure 3-15a and c). Under front illumination, a three-fold 

increase in IPCE is recorded between 250 oC and 350 oC annealing (Figure 3-15b). Under back-side 

illumination, IPCE of the sample annealed at 350 oC approximately doubles that of the sample 

annealed at 250 oC (Figure 3-15d). The enhanced IPCE may be attributed to a combination of factors. 

Firstly, the increased temperature will lead to an enhanced light harvesting. This can be deduced 

from the results obtained from the optical analysis section. Second, increased temperature will 

improve crystallinity of nanoparticles and reduce the surface states which act as traps for electrons 26, 

therefore decreases electron loss through reduced recombination. Moreover, heat treatment will 

help the formation of an improved junction between CZTS nanoparticles and TiO2 porous structure. 

Since electrons have to inject into the conduction band of TiO2 before being collected at the back 

contact (Figure 3-14b), the improved injunction resulting from a higher temperature treatment helps 

to enhance electron injection efficiency. 

3.3.2.5 Influence of Sensitizer Loading Time 

In order to load the sensitizers, porous TiO2 films were soaked in CZTS nanocrystal-toluene 

suspension for different durations, 1 hr, 6 hr, 13 hr and 48 hr. Photocurrent measurement was carried 

out to investigate the effect of sensitizer loading time on the performance of photoanodes. All IPCE 

curves have similar shape with a peak value between 550-600 nm (Figure 3-16a) under front 

illumination. IPCE values at 570 nm are plotted in Figure 3-16b for comparison. When the soaking 

time extends from 1 hr to 6 hr, IPCE is enhanced dramatically by about 40%. This is due to an 

increased CZTS loading which contributes to an enhanced light harvesting. Further increase of 

soaking time to 13 hr only results in less than 1% change in IPCE, indicating that sensitizer loading 

may have saturated after 6 hr. When the duration lasts for 48 hr, IPCE drops to approximately half of 

the value recorded at 13 hr. IPCE curves obtained under back-side illumination shows similar trends 

(Figure 3-16c and d). We speculate that multilayered sensitizer attachment happens on the surface of 

the sample when the duration is more than 13 hr. Multilayered sensitizer adsorption is found to be 

disadvantageous to the performance of SSSCs due to the following reasons 30, 31. First, multilayered 

sensitizers on the surface impede light from reaching the sensitizers close to the back contact when 
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light is incident from the front side. Second, photogenerated electrons in the sensitizers which are 

not in direct contact with TiO2 have to pass other sensitizers and travel a long distance before 

injecting into TiO2. Recombination is very likely to happen during this transport process and hence 

reduce the electron collection efficiency. Similar results were reported on CdS/CdSe-ZnO 31, CdS-TiO2 

32 and CdSe-ZnO 12 photoanodes although sensitizer formation process and deposition methods 

varied in these reports. 

 

Figure 3-16. IPCE of photoanodes made with different sensitizer loading time: (a-b) illuminated from front side 

the relatively large IPCE signal recorded for λ > 650 nm is due to accentuated noise; (c-d) illuminated 

from back side. 

3.3.2.6 CZTS sensitized Solar Cell 

CZTS sensitized solar cells were fabricated by combining a TiO2-CZTS photoanode with a CoS counter 

electrode and employing a polysulfide electrolyte as illustrated in Figure 3-17a. The current-voltage 

(J-V) curve of the CZTS sensitized solar cell was recorded under one sun illumination (100 mW cm-2). 

Light came into the cell from the back side (FTO side) of the photoanode. The J-V curve is shown in 
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Figure 3-17b. The cell has an open circuit voltage (VOC) of 130 mV, a short circuit current (JSC) of 0.5 

mA cm-2, a power conversion efficiency of 0.015% and a fill factor of 0.23. The power conversion 

efficiency is much lower than the efficiency of the CdSe sensitized solar cells of 5-6% 33, 34. A few 

factors may contribute to the low efficiency. First, poor coverage of CZTS nanoparticles in TiO2 film 

may be one important reason. Compared with binary quantum dots such as CdTe and CdSe with a 

size of ca. 5 nm, the as-synthesized CZTS nanocrystals have a much larger size (ca. 10 nm). This 

means the penetration of CZTS nanocrystal throughout the porous TiO2 film can be difficult and 

multilayered sensitizer adsorption on the surface may happen. The development in the preparation 

of quantum-sized CZTS particles 35 may help to deal with the issue. Second, CZTS nanoparticles were 

attached to TiO2 film via direction adsorption without any linker molecules in our experiment, which 

may be one reason for the low electron collection efficiency as indicated in the overall small IPCE of 

the photoanodes. A study carried out on ITO/ZnO/linker/PbS system by Hickey and coworkers 36 

demonstrated that liker molecules not only function as a bind component but also play an important 

role in charge carrier transfer. Therefore, one direction for the future work is to choose suitable linker 

molecules for the sensitizer attachment. Another reason for the low electron collection efficiency 

may be the non-optimized energetics of TiO2, CZTS and polysulfide electrolyte. Further study is 

needed to optimize the band offset between each component to allow effective electron injection 

and collection. Nevertheless, the solar cell test shows it is possible to utilize CZTS nanocrystals as a 

sensitizer material in photoelectrochemical cells. 

 

Figure 3-17. (a) Illustration of the configuration of CZTS sensitized solar cell; (b) current-voltage (J-V) curve of 

the solar cell under illumination. 

(a) (b) 



Chapter 3 

 

93 

 

3.4 Summary 

CZTS nanocrystals have been successfully synthesized by a hot-injection method. Influence of various 

experimental conditions on the particle size, phase and chemical composition of the products is 

investigated. In terms of reaction temperature, 250 oC is identified as a suitable condition. As the 

reaction time is extended, the average particle size varies little but the chemical composition evolves. 

To prepare a sample which has a chemical composition close to the stoichiometric CZTS at 250 oC 

with a reaction time of 1 hr, the Cu/Sn ratio in the reactant should be 1.8 and the Zn/Sn ratio should 

be 1.2. 

The as-prepared CZTS nanocrystals are employed as sensitizers for TiO2 thin films. CZTS sensitized 

TiO2 thin films are fabricated and used as photoanodes. A simple heat treatment on the films leads to 

an improved sensitization and increased photocurrent. It is also found that illumination incident 

direction affects the shape of IPCE spectra; optimal sensitizer loading time is important to achieve a 

good photoresponse. CZTS sensitized solar cells are made by assembling a TiO2-CZTS photoanode, a 

CoS counter electrode and a polysulfide electrolyte. The cell exhibits a power conversion efficiency of 

0.015%. Although the efficiency is low, this study shows it is possible to implement CZTS nanocrystals 

into a photoelectrochemical cell as a sensitizer material. It is believed that reducing the CZTS 

nancrystal size to enhance sensitizer loading, using linker molecules for nanoparticle attachment and 

optimizing the band offset between TiO2, CZTS and polysulfide electrolyte will help improve the solar 

cell conversion efficiency. 
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Chapter 4. Fabrication of CZTS Thin Films from 
Kesterite CZTS Nanocrystal Suspension and Their          

Application as Photocathodes 

4.1 Introduction 

CZTS has been identified as a potential material for thin film solar cells because it consists of 

low-toxic, earth-abundant and economical elements. CZTS thin films were initially made from 

vacuum-based methods such as evaporation and sputtering 1-3. However, these techniques demand 

sophisticated equipment and high energy consumption, and thus the film fabrication is costly. 

Alternatively, non-vacuum methods 4-7 for making CZTS thin films have attracted much attention due 

to their ease of fabrication, cost effectiveness and high throughput. 

Among various non-vacuum approaches, CZTS nanocrystal deposition has a great potential to 

achieve scalable and inexpensive film fabrication. CZTS thin films can be made from a nanocrystal 

suspension, which is called a nanoparticle ‘ink’, by facile and inexpensive deposition methods such as 

spin-coating, dip-coating, spray-coating and bar-coating. It is noted, however, that spin-coating is 

inefficient in terms of raw material utilization because it wastes most suspension during spinning; 

bar-coating on the other hand requires very concentrated suspension. In this chapter the 

spray-coating deposition is employed to prepare CZTS thin films.  

A post annealing process is generally applied to the as-deposited CZTS nanocrystal films to remove 

organic molecules introduced from particle synthesis. Thin films are usually annealed in selenium 

vapour, which leads to the formation of Cu2ZnSn(S,Se)4 (CZTSSe) film with large grains 8-11. Thin film 

solar cells fabricated from such films have achieved an efficiency of 8.6% 11. However, selenium is 

much more toxic than sulfur, which violates the initial idea of making ‘green’ solar cells with low-toxic 

elements. Mass production of films by selenization may also pose a potential hazard to the 

environment. Moreover, selenization is normally carried out at a temperature above 500 oC, and thus 

this process is not economic with regard to energy consumption. Therefore, device fabrication from 

selenium-free CZTS thin film still draws much attention. This gives motivation to investigate heat 
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treatment of CZTS nanocrystal thin films in an alternative condition, i.e., in sulfur vapour. 

Although sulfurization of Cu-Zn-Sn precursor film in sulfur vapour is common for making CZTS thin 

film in a two-step process 12-15, literature on thermal treatment of nanocrystal CZTS thin films in 

sulfur vapour is scarce. To the best of our knowledge, only one report is focused on this topic 16, but 

the annealing temperature, 600-800 oC, is very high, which has left gaps in understanding the 

influence of low-temperature annealing on the properties of CZTS films. In this chapter, as-deposited 

thin films were annealed at low temperature between 300-500 oC in/without the presence of sulfur. 

The influence of heat treatment on the phase, composition and morphology of CZTS nanocrystal 

films was investigated in detail.  

Dye sensitized solar cells (DSSCs) generally have two electrodes, a photoanode and a cathode. The 

main function of the cathode is to transfer electrons from the external circuit back to the system by 

catalyzing the reduction of the oxidized species in the electrolyte. A typical counter electrode is a 

piece of platinized fluorine doped tin oxide (FTO) glass that can catalyze the reduction of triiodide to 

iodide. As a p-type semiconductor material, CZTS(Se) thin films has been used as photocathodes in 

DSSCs 17. The replacement of conventional high-cost counter electrode material, platinum, by the 

low-cost CZTS(Se) can substantially reduce the manufacturing cost of DSSCs. Moreover, the double 

photoelectrodes have the potential to improve light absorption and generate more charge carriers. 

However, similar to the study on thin film solar cells, the majority of the reports are focused on cells 

using CZTSSe as the photocathode material 17-20. In this chapter, the aforementioned 

low-temperature annealed selenium-free CZTS nanocrystal thin films were employed as 

photocathodes in DSSCs and the performance of these DSSCs were investigated. 

4.2 Experimental 

4.2.1 Fabrication of CZTS Thin Films 

Kesterite CZTS nanocrystals were prepared by the hot-injection method described in section 2.1.1. 

The nanoparticles were dispersed in toluene to form a homogenous and stable suspension. Due to 

the limited amount of CZTS nanocrystal synthesized from a single hot-injection process, less than 10 
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cm3 of toluene was added to make a suspension with a particle concentration of 10-20 mg cm-3. The 

suspension was then stored in a glass vial ready for use. Thin films were made on clean FTO glass 

substrates by spray-coating deposition following the procedures in section 2.2.3. The coating area is 

defined by Kapton® tape, as shown in Figure 4-1. For photoelectrochemical test, 1 cm × 4 cm 

substrates were used; for solar cell fabrication, 2 cm × 2 cm substrates with an uncovered area of 0.5 

cm × 0.5 cm were employed. The thickness of the thin film was measured by a surface profilometer 

(Dektak 150, Veeco). 

 

Figure 4-1. Schematic of dimension of substrates used for spray-coating (yellow represents Kapton tape and 

blue represents substrates). 

4.2.2 Heat Treatment  

Some of the spray-coated CZTS thin films were heat treated. The CZTS thin film was put in a 

combustion boat and then placed in the middle of a quartz tube in the furnace. The tube was then 

purged with argon for about 1 hr to remove the air before the heater was switched on. Samples were 

annealed at 300-500 oC for 0.5 hr. Some CZTS thin films were annealed in the presence of elemental 

sulfur powder. In this case, the CZTS thin film together with 0.1 g sulfur powder was placed in a 

combustion boat. The boat was then covered by a glass slide, but it was not hermetically sealed.  

To help investigate the influence of heat treatment, CZTS nanoparticle powder was also annealed. To 

minimize compositional variation in comparing different samples, CZTS nanoparticles prepared from 

a single hot-injection synthesis were divided into several portions. Each portion was placed in a 

combustion boat and annealed at a different temperature.  
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4.2.3 Photoelectrochemical Measurement  

Photoelectrochemical study of CZTS thin films was carried out in a three-electrode cell as described 

in section 2.3.5. Light was incident on the thin film side. Photocurrent measurements were recorded 

at -0.5 V against an Ag/AgCl/saturated KCl reference electrode. The electrolyte used for 

measurement was an aqueous solution containing 0.1 M europium chloride (EuCl3·6H2O, 99.9%, 

Sigma-Aldrich) and 0.1 M potassium chloride (KCl, 99%, VWR International). 

4.2.4 CZTS Thin Films as Photocathodes in DSSC 

Spray-coated CZTS thin films were used as photocathodes in DSSCs. The procedures for solar cell 

fabrication are described in section 2.2.4. Solar cell tests were carried out as described in section 

2.3.6. 

4.3 Results and Discussion 

4.3.1 Spray-coated CZTS Thin Film 

  
Figure 4-2. (a) UV-Vis spectrum of a CZTS nanocrystal thin film (200 nm) on a FTO glass substrate made by 

spray-coating deposition; (b) transient photocurrent of the CZTS thin film recorded under 

illumination from a green LED (λ = 530 nm with a power density of ca. 17 mW cm-2) . 

CZTS thin films were deposited on FTO glass substrates by spray-coating. The optical property of the 

CZTS thin film was investigated using UV–Vis absorption spectroscopy. Figure 4-2a shows the 

absorption spectrum of the thin film, which exhibits broad optical absorption profile. The CZTS thin 

(a) (b) 
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film was used as the working electrode in a three-electrode cell. A negative transient photocurrent 

signal was collected upon illumination from a green LED (Figure 4-2b), which corresponds with the 

p-type nature of the semiconductor, suggesting the thin film can be used as a photocathode in the 

photoelectrochemical solar cells. 

4.3.2 Influence of Heat Treatment 

4.3.2.1 Decomposition of CZTS 

To remove oleylamine molecules introduced during nanoparticle synthesis and improve 

photoresponse, the as-deposited CZTS thin films were annealed. It was found in chapter 3 that heat 

treatment on a hot plate (in a glovebox) could improve the optical absorption of CZTS thin film 

(Figure 3-10b). In this chapter, the heat treatment was carried out in a tubular furnace instead of on 

a hot plate. However, it was found the CZTS thin films on the FTO substrate almost disappeared after 

annealing, suggesting the decomposition of CZTS nanoparticles. The colour of residue on the 

substrate changed from light brown to yellow as the annealing temperature increased from 350 oC to 

450 oC.  

It is interesting to note that in chapter 3 the colour of CZTS thin films however did not change after 

thermal treatment at 350 oC on a hot plate in a glovebox. The temperature of the hot-plate was 

calibrated by a laser infrared temperature gun, so the annealing temperature should be the same as 

that of a tubular furnace when the film was annealed at 350 oC. It is suspected that the difference in 

argon atmosphere in the glovebox and in the tubular furnace may be responsible for the different 

results. In the glovebox, argon is static and its pressure is higher than the room-temperature 

atmospheric pressure, while in the tubular furnace argon flows and the pressure is almost equal to 

the atmospheric pressure. In the latter, the lower gas pressure helps the decomposition; the flowing 

argon which carries away the decomposition product can speed up the decomposition process. 

Indeed, after heat treatment a thin layer of metallic appearance was found on the cold wall of quartz 

tube outside the furnace. Successful annealing of CZTS(Se) films in two reports 11 21 was performed at 

1.15 atm and 1.31 atm respectively. 
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4.3.2.2 XRD Analysis 

  
Figure 4-3. (a) Powder XRD diffraction of nanoparticles annealed at different temperatures and standard 

XRD pattern of kesterite CZTS (JCPDS#026-0575) displays as a reference ; (b) comparison between 

impurity peaks of the powder annealed at 450 oC and the peaks of standard SnS (JCPDS#032-1361). 

Only a small amount of material was left on the substrate after heat treatment because the 

as-deposited films (with a thickness of 1 μm) were relatively thin. Considering the density of CZTS 

(bulk material, 4.56 g cm-3) and the area of the film (0.25 cm2), the maximal amount of material in a 

dense film with a thickness of 1 μm was calculated as 

  (4-1) 

This is an estimation of the weight of CZTS in the thin film. The amount of the residual material on 

the substrate after heat treatment was not enough for XRD/SEM-EDX tests. To help investigate the 

influence of heat treatment on the phase and composition of CZTS nanoparticles, dried CZTS 

nanoparticle powder (ca. 0.04 g) was annealed under the same condition as employed for thin films. 

The powder was annealed at 350 oC, 400 oC and 450 oC respectively. Since the weight of nanoparticle 

powder, 0.04 g, was about 350 times the amount of CZTS in the thin film, the majority of the powder 

was left in the combustion boat after heat treatment and no obvious colour change was observed on 

the powder. 

XRD diffraction patterns of the CZTS powder annealed at different temperatures are shown in Figure 

4-3a. The diffraction pattern of unannealed sample was also collected as a blank control. The XRD 
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patterns of the annealed samples resemble that of the unannealed powder but with sharper peaks, 

which indicates an improved crystallinity. Moreover, additional peaks have appeared. Some peaks 

such as the ones at ca. 37o, 41o, 45o and 64o are weak peaks from CZTS itself. Heat treatment makes 

these weak peaks more visible due to an improved crystallinity. On the other hand, extra peaks from 

impurity are detected as well, e.g., the ones at ca. 32o and 51o (arrows in Figure 4-3a). These peaks 

can be indexed to tin sulfide (SnS) (Figure 4-3b). SnS comes from the decomposition of CZTS. Sn loss 

through desorption of SnS from CZTS at elevated temperature has been reported as a serious 

problem for control of film composition and film homogeneity 22. The intensity of peaks at ca. 32o 

however decreases as the annealing temperature increases (Figure 4-3a). This is probably because 

less SnS is left with the remaining CZTS nanoparticle at higher temperature due to its volatile nature. 

According to reference 22, the proposed decomposition reaction is 

  (4-2) 

XRD results indicate that CZTS nanocrystals thin films undergo decomposition even when annealed 

at a relatively low temperature, 350 oC, although it is claimed in the literature 23 that decomposition 

of bulk CZTS starts above 500 oC. This is probably because CZTS in nanoparticulate form has a lower 

decomposition temperature.  

4.3.2.3 Composition 

 
Figure 4-4. EDX analysis of nanoparticles annealed at different temperatures. 
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SEM-EDX tests were used to analyze the chemical composition of the CZTS powder after heat 

treatment. Results are shown in Figure 4-4. S/(Cu+Zn+Sn) ratio decreases as the annealing 

temperature increases, suggesting the increased decomposition at higher temperature. Compared 

with the unannealed sample, both Cu/Sn ratio and Zn/Sn ratio become higher in the annealed 

samples, indicating a loss of Sn in the system. As the annealing temperature rises, both Cu/Sn ratio 

and Zn/Sn ratio increase slightly which means Sn loss becomes more problematic at higher 

temperature. This trend agrees with the observation in the XRD patterns in which intensity of 

diffraction peaks from SnS decreases when the temperature increases because the Sn-containing 

compound generated from CZTS decomposition is volatile and is removed by argon flow at higher 

temperature. 

4.3.3 Heat Treatment in the Presence of Sulfur Powder 

4.3.3.1 Suppression of Decomposition 

One possible solution to reduce the CZTS decomposition of CZTS nanocrystals during heat treatment 

is to anneal the samples in sulfur vapour. As shown in equation 4-2, decomposition of CZTS generates 

. If the partial pressure of the S becomes saturated, the decomposition of CZTS may be suppressed. 

To check the effectiveness of this method, a CZTS nanoparticle thin film was annealed in the 

presence of sulfur powder in a covered combustion boat at 350 oC. Consequently, the colour of the 

thin film did not change. This was in contrast to the aforementioned result that films annealed at 350 

oC without sulfur powder disappeared. This comparison indicates that sulfur vapour indeed helps to 

suppress the decomposition of CZTS nanoparticles. The UV-Vis spectra of the CZTS film before and 

after heat treatment were recorded. As shown in Figure 4-5a, the heat treatment greatly improves 

the optical absorption of the CZTS thin film in the whole spectral range. Meanwhile, 

photoelectrochemical tests (Figure 4-5b) show that IPCE of the annealed CZTS thin film is 

significantly enhanced compared with the unanealed sample at any given wavelength.  
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Figure 4-5. (a) UV-Vis spectra of a CZTS nanocrystal thin film on a FTO glass substrate before and after 

annealing at 350 oC in the sulfur vapour. (b) IPCE of a CZTS thin film before and after heat 

treatment.  

4.3.3.2 XRD Analysis 

To investigate if the material underwent a phase change when annealed in sulfur vapour, CZTS thin 

films were annealed in a relative low-temperature range between 300-500 oC followed by XRD tests. 

These CZTS thin films with a thickness of ca. 1 μm were made on single silicon wafers instead of on 

FTO substrates to circumvent strong background signals from FTO grains. Single silicon wafers could 

provide a ‘blank’ background because they were specially cut such that no diffraction peaks were 

generated in the 2  range of interest. 

 

Figure 4-6. CZTS film annealed at the presence of sulfur powder at different temperatures. 

XRD diffraction patterns of thin films on silicon wafers are shown in Figure 4-6. Compared with the 

(a) (b) 
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diffraction pattern of unannealed thin film, no detectable peaks from impurity have been found in 

the patterns of annealed samples. FWHM of three main diffraction peaks at ca. 28.5o, 47.5o and 

56.2o do not have an obvious change until the annealing temperature reaches 500 oC. This indicates 

nanoparticle size changes little when samples are annealed at 300 oC, 350 oC and 400 oC while the 

size grows when the film is annealed at 500 oC. Estimated average crystallite size is then calculated 

from FWHM of three dominant peaks by using the Scherrer equation (equation 2-2 in chapter 2). As 

shown in Table 4-1, the calculated crystallite sizes of samples annealed at 300 oC, 350 oC and 400 oC 

are similar to those of the unannealed ones with a value of ca. 8 nm, whereas the estimated size of 

the sample annealed at 500 oC nearly doubles.  

Table 4-1. Crystallite size calculated from XRD pattern in Figure 4-6 by using the Scherrer equation. 

Annealing temperature Crystallite Size 

Unannealed  7.9±1.3 nm 

300 oC 8.0±1.1 nm 

350 oC 7.7±1.0 nm 

400 oC 8.7±2.0 nm 

500 oC 14.9±0.5 nm 

4.3.3.3 Morphology 

To check if the estimated crystallite size agrees with the real particle size, morphology of the thin 

films were examined by SEM. As shown in the high-magnification images (a, c, e, g and i in Figure 

4-7), both unannealed and annealed films are made from nanoparticles of similar size. Nanoparticles 

are not sintered together to form larger grains during heat treatment. This result corresponds to the 

estimated crystallite size calculated by the Scherrer equation for the samples annealed between 300 

oC and 400 oC. It is noted there are some cavities appearing on the surface of the film annealed at 

500 oC (i in Figure 4-7.  

The morphology of the films was also observed at lower magnification by SEM. As shown in b, d, f, h 

and j in Figure 4-7, when the heat treatment temperature increases, films become denser and 
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shrinking makes crack more apparent. It is interesting to find a few micrometer sized particles 

scattered on the surface of the film after annealing at 500 oC (j in Figure 4-7). The high-magnification 

image (inset in j) reveals single crystal nature of the micrometer sized particles. The existence of 

these particles is the reason why the average crystallite size estimated from XRD pattern of this film 

is larger than others (Table 4-1), although the majority of particles in the film are still nanoparticles 

which have similar size as the original nanoparticles as shown in image i in Figure 4-7. 

Elemental analysis by EDX on two randomly selected micrometer sized crystals, namely crystal 1 and 

crystal 2, are shown in Figure 4-8 and Figure 4-9. Both crystals contain Cu, Zn, Sn and S which have an 

atomic ratio close to 2:1:1:4 as presented in Table 4-2 and Table 4-3. These results suggest the 

micrometer sized particles are actually CZTS single crystals. Meanwhile, some cavities are observed 

in the film at high magnification (i in Figure 4-7). These observations suggest that the micrometer 

sized particles are generated from the original nanocrystals when annealed at 500 oC. In the 

literature 16, similar phenomenon has been observed but at higher annealing temperature and with 

longer annealing time. In the temperature range of 600 oC-800 oC in sulfur vapour, Aydil et al. 

observed the grain growth of large crystals and the diminishment of original nanocrystals in sealed 

ampoules. They considered the large surface area and therefore high total energy of the colloidal 

nanocrystal was the driving force for the transformation of nanocrystals into large grains. In our work, 

it is possible to transform all the nanocrystals into large grains by optimizing the experimental 

conditions. If a continuous film which is composed of large grains can be made in this way, the 

inexpensive and facile process will become very attractive for thin film solar cell fabrication. 
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Figure 4-7. SEM images of films annealed at different temperature in the presence of sulfur powder. 
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Figure 4-8. (a) SEM image of Crystal-1 formed on top of the CZTS thin film; (b) EDX spectrum obtained from 

position 1 on the crystal. 

Table 4-2. Chemical composition of three different positions on Crystal-1 in Figure 4-8a. 

Spectrum 
Cu 

(atomic %) 

Zn 

(atomic %) 

Sn 

(atomic %) 

S 

(atomic %) 
Composition 

Spectrum 1 22.47 12.66 13.36 51.51 Cu1.68Zn0.94Sn1S3.85 

Spectrum 2 23.23 11.00 13.24 52.52 Cu1.75Zn0.83Sn1S3.96 

Spectrum 3 23.40 12.14 13.61 50.85 Cu1.71Zn0.89Sn1S3.73 

Average 23.03 0.49 11.93 0.84 13.40 0.18 51.62 0.84 Cu1.71±0.03Zn0.89±0.05Sn1S3.85±0.11 

 

(b) 

(a) 
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Figure 4-9. (a) SEM image of Crystal-2 formed on top of the CZTS thin film; (b) EDX spectrum obtained from 

position 1 on the crystal. 

Table 4-3. Chemical composition of three different positions on Crystal-2 in Figure 4-9a 

Spectrum 
Cu 

(atomic %) 

Zn 

(atomic %) 

Sn 

(atomic %) 

S 

(atomic %) 
Composition 

Spectrum 1 23.40 12.67 13.27 50.66 Cu1.76Zn0.95Sn1S3.81 

Spectrum 2 24.99 11.65 13.03 50.33 Cu1.91Zn0.89Sn1S3.86 

Spectrum 3 24.24 11.31 12.27 52.14 Cu1.97Zn0.92Sn1S4.24 

Average 24.21 0.79 11.87 0.70 12.85 0.52 51.04 0.96 Cu1.88±0.10Zn0.92±0.03Sn1S3.97±0.23 

 

 

 

 

(b) 

(a) 
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4.3.3.4 Composition 

The composition of CZTS thin films made on silicon wafers were investigated by EDX after heat 

treatment. The average composition of the films is shown in Table 4-4. Compared with unannealed 

sample, annealed thin films all have higher sulfur content. Samples annealed at 300 oC, 350 oC and 

400 oC have an excess amount of sulfur which may originate from the deposition of elemental sulfur 

on the films when the system cools down. As annealing temperature increases from 300 oC to 500 oC, 

sulfur content decreases. This is because sulfur vapour escapes from combustion boat more easily at 

higher temperature since the combustion boat is not hermetically sealed. Overall, metal content (Cu, 

Zn and Sn) changes slightly after heat treatment at different temperature, which indicates the 

decomposition of CZTS nanocrystals is largely suppressed in the presence of the sulfur vapour. This 

corresponds to the XRD analysis that no obvious peaks from impurity arise in the diffraction patterns 

(Figure 4-6). However, even though no detectable peaks have been found in the diffraction pattern, it 

is noted both Cu/Sn ratio and Zn/Sn ratio increase slightly after the film is annealed at 500 oC, which 

might be due to a minor loss of tin sulfide. 

Table 4-4. Average composition of thin films annealed at different temperature in the presence of sulfur 

powder. Films were made on silicon wafer. 

Annealing temperature Average Composition 

unannealed Cu1.76Zn0.71Sn1S3.58 

300 oC Cu1.69Zn0.69Sn1S4.92 

350 oC Cu1.63Zn0.65Sn1S4.54 

400 oC Cu1.67Zn0.72Sn1S4.43 

500 oC Cu1.81Zn0.78Sn1S3.94 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) were carried out on 

CZTS thin films to check the influence of heat treatment on the organic molecules introduced during 

nanoparticle synthesis. An ATR-FTIR spectrum of pure oleylamine was collected as a reference. As 

shown in Figure 4-10, pure oleylamine has two dominant peaks at 2921 cm-1 and 2851 cm-1 which 

are characteristic of C-H stretching 24. Oleylamine is the solvent for preparation of CZTS nanocrystals 



Chapter 4 

 

111 

 

(see section 2.2.1) and it also acts as a ligand on the surface of nanoparticles to stabilize the particles 

in the toluene suspension. Two characteristic peaks of oleylamine are found in the spectrum of the 

unannealed sample. However, these peaks disappear in the spectrum of any annealed film, 

suggesting oleylamine can be removed from the nanocrystals via heat treatment. The removal of 

organic ligand in the system is beneficial to the charge transport in the films. 

 

Figure 4-10. ATR-FTIR spectrum of CZTS films annealed at different temperatures and the spectrum of pure 

oleylamine is shown as a reference. Films were made on silicon wafer. 

4.3.3.5 Application in DSSCs 

The low-temperature annealed CZTS thin films were employed as photocathodes in dye sensitized 

solar cells (DSSCs) as illustrated in Figure 4-11a. Both an unannealed film and a platinized FTO glass 

were used as counter electrodes for comparison. Current-voltage (J-V) curves of DSSCs are plotted in 

Figure 4-11b and key cell parameters such as open circuit voltage (VOC), short circuit current (JSC), 

solar cell conversion efficiency (η) and fill factor (FF) are summarized in Table 4-5. In the table, solar 

cells fabricated with Pt electrode, unannealed film, and films annealed at 300 oC, 350 oC, 400 oC and 

500 oC are named as SC-Pt, SC-RT, SC-300, SC-350, SC-400 and SC-500 respectively. 
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Figure 4-11. (a) Illustration of using CZTS thin films as counter electrodes; (b) J-V curves of DSSCs fabricated 

with CZTS thin films annealed at different temperature in the presence of sulfur powder. 

Table 4-5. Key parameters of DSSCs extracted from Figure 4-11b. 

Solar Cell Name Counter electrode VOC (V) JSC (mA/cm2) FF η (%) 

SC-Pt Pt 0.70 16.59 0.57 6.64 

SC-RT unannealed CZTS 0.65 17.14 0.40 4.45 

SC-300 CZTS annealed at 300 oC 0.65 20.84 0.43 5.85 

SC-350 CZTS annealed at 350 oC 0.71 21.08 0.49 7.41 

SC-400 CZTS annealed at 400 oC 0.66 19.78 0.40 5.16 

SC-500 CZTS annealed at 500 oC 0.65 20.46 0.36 4.79 

As can be seen from Table 4-5, overall, DSSCs (SC-300, SC-350, SC-400 and SC-500) with 

low-temperature annealed CZTS films as the photocathode have higher efficiency than the solar cell 

(SC-RT) fabricated with unannealed film, mainly due to their higher JSC. SC-300, SC-400 and SC-500 

possess a VOC of ca. 0.65 V which is similar to that of SC-RT, but their JSC, ca. 20 mA cm-2, is 18% 

higher than that of SC-RT, ca. 17 mA cm-2. There are a few reasons for the enhanced JSC after heat 

treatment. One reason is the reduced amount of organic ligand in the film, as proved by the ATR-FTIR 

test (Figure 4-10). Oleylamine with a long insulating chain is a barrier for charge transport. Reducing 

the amount of oleylamine in the films helps improve charge collection efficiency. In addition, films 

become denser after heat treatment as observed in section 4.3.3.3. This is also beneficial for the 

(a) (b) 
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charge transport vertically to the substrate. Moreover, annealing can improve optical absorption and 

IPCE (see Figure 4-5), which contributes a higher JSC. 

Among all DSSCs fabricated with annealed CZTS films, SC-350 has the best performance with an 

efficiency of 7.4% along with the highest VOC (0.71 V), JSC (21 mA cm-2) and FF (0.49). As film 

annealing temperature increases from 300 oC to 500 oC, the change of each key parameter (VOC, JSC, 

FF and η) follows the same trend. The value of each parameter increases to the maximum at 350 oC 

and then starts declining, suggesting 350 oC is the optimal annealing temperature. SC-500, on the 

other hand, has the worst cell performance among the four solar cells, only with an efficiency of 

4.7%. This trend is within expectation. When the film is annealed at a relatively low temperature, the 

advantages of heat treatment dominate; further increasing annealing temperature results in an 

instability of CZTS nanoparticles as revealed by the slightly changed composition (see section 

4.3.3.4). 

Solar cells with the CZTS thin film as the counter electrode all have higher JSC relative to SC-Pt. This is 

because CZTS thin film can provide extra charge carriers to the circuit under illumination. CZTS, apart 

from acting as a catalyst for the reduction of oxidized species in the electrolyte, is also an active 

material which can absorb light. Residual light passing through photoanode and electrolyte can be 

harvested by CZTS thin film on the counter electrode. Photogenerated charge carriers in the film 

contribute extra current. However, it is noted the FF of SC-Pt is higher than that of any CZTS based 

solar cell, which may be caused by the higher series resistance in CZTS based solar cells. The higher 

series resistance may be due to the lower conductivity of CZTS films compared with the high 

conductivity of Pt electrode, as the CZTS films are composed of numerous nanoparticles even after 

heat treatment (Figure 4-7). By optimizing annealing condition and thus improving film conductivity, 

the solar cell achieve have higher FF and higher efficiency. 

4.4 Summary 

To conclude, in this chapter a facile and low-cost deposition method, spray-coating, was employed to 

make CZTS thin films from nanocrystal suspension. Post heat treatment in argon-only atmosphere 
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causes decomposition of the CZTS nanoparticles, however, the decomposition can be largely 

suppressed when films are annealed in the presence of sulfur powder at the relative low 

temperature between 300-500 oC. Solar cells fabricated with annealed films as the counter electrode 

have higher efficiency relative to cells containing the unannealed films. The solar cell made with CZTS 

thin film annealed at 350 oC has the best performance with VOC of 0.71 V, JSC of 21 mA·cm-2 and an 

efficiency of 7.4%. Compared with the classic solar cell prepared using a Pt counter electrode, cells 

fabricated with CZTS films have higher JSC but lower FF probably due to the lower conductivity. 
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Chapter 5. Synthesis and Shape Evolution of Colloidal 
Wurtzite Cu2ZnSnS4 Nanocrystals 

5.1 Introduction 

CZTS has two main crystal structures, kesterite and wurtzite, depending on the arrangement of four 

constituent elements, Cu, Zn, Sn and S. Theoretical calculation shows kesterite CZTS is more 

thermodynamically stable than wurtzite CZTS 1. This is why CZTS thin films made by traditional 

two-step methods (vacuum-based metal deposition followed by sulfurization) which involve 

high-temperature annealing normally have kesterite phase. As for CZTS nanocrystals synthesized 

from colloidal approaches, kesterite CZTS is generally produced when elemental sulfur is used as the 

sulfur source, as demonstrated in the previous two chapters and other reports 2-4. However, by 

adjusting reaction condition, metastable wurtzite CZTS nanocrystals have been successfully 

synthesized in the literature 5-9. It is interesting to note that in all studies related to the synthesis of 

wurtzite CZTS, thiol is introduced as the solvent and/or the sulfur source; the use of thiol is believed 

to be the key factor for the formation of wurtzite-phase nanocrystals. 

Wurtzite crystal structure has hexagonal crystallographic symmetry for which preferential growth in 

different directions will result in different particle morphologies (see section 1.5.1.2 in chapter 1). For 

example, ZnO has a thermodynamically stable hexagonal wurtzite phase, which enables the growth 

of one-dimensional nanowires and nanorods along [001] direction 10, 11, while hexagonal platelets can 

also be obtained via ligand control 12. Morphology control of nanoparticles is an interesting topic, 

since research reveals some materials show tunable properties dependent on the particle shape 13. 

Moreover, thin film fabrication may benefit from the control of particle morphology. For example, a 

report shows that stable kesterite CZTS films with a large-grained microstructure can be obtained at 

relatively low temperatures from ordered wurtzite nanorods due to a phase-transition-driven growth 

during sintering 14. Due to the potential advantages of the wurtzite phase, research on the formation 

and application of wurtzite CZTS nanocrystal has drawn much attention recently. For the morphology 

control of wurtzite CZTS nanocrystals, thiol together with other organic solvents with high-boiling 
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point, such as oleylamine, octadecene, trioctylphosphine oxide and oleic acid are also added as a 

co-capping agent in the synthesis. For example, wurtzite nanoprisms were prepared in the presence 

of dodecanethiol and oleylamine while wurtzite nanoplates were obtained when dodecanethiol and 

oleic acid were used 9.  

Apart from the aforementioned advantages of morphology control, size control is also believed to be 

a key part of nanoparticle synthesis. Size control can not only influence the assembly of nanocrystals 

but also affect the performance of materials. In terms of assembly, monodispersity is critical for the 

formation of organized superlattices from pre-synthesized nanoparticles 15, 16; with respect to the 

influence of size on the properties of materials, it is found that various optical and physical 

properties of materials are related to the particle size distribution. For instance, monodispersity was 

found to influence the photoluminescence emission of PbS nanoparticles 17; size distribution can also 

affect the charge transport in colloidal quantum films and hence the open-circuit voltages of solar 

cells based on such films 18; a recent study shows that inhomogeneity of diameter affects the exciton 

dynamics in the CdS nanorods 19. However, to date, no special attention has been paid to the size 

control of wurtzite CZTS nanocrystals.  

Herein, we employed as a standard system which consisted of commercially available metal salts 

(copper(II) acetylacetonate, zinc acetate and tin(II) chloride), 1-dodecanethiol and oleylamine to 

explore the formation process of the wurtzite CZTS nanocrystals and the size control of the 

nanocrystals.  

5.2 Experimental 

5.2.1 Synthesis of CZTS Nanoparticles 

CZTS nanoparticles were synthesized by a hot-injection method as described in section 2.2.1. As 

opposed to the nanocrystal preparation in chapter 3 and chapter 4 where elemental sulfur powder 

was used as the sulfur source, 1-dodecanethiol (DDT) was employed as the sulfur source in this 

chapter. 1 mmol Cu(acac)2, 0.5 mmol Zn(OAc)2 and 0.5 mmol SnCl2 were used as metal precursors 

and oleylamine (OLA) as a co-solvent. The liquid-phase reactants, DDT and OLA have a total volume 
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of 12 cm3. To investigate the influence of reaction condition on the growth of particles, the amount 

of DDT and OLA was changed systematically from sample A to sample E as shown in Table 5-1. 

Table 5-1. Sample preparation using different amount of DDT and OLA. The total volume is 12 cm3. 

Sample Number DDT:OLA (volume ratio) 

A 5:1 

B 4:2 
C 3:3 
D 2:4 
E 1:5 

5.2.2 Fabrication of CZTS Thin Films 

As-prepared particles were dispersed in toluene to form a suspension via sonication. The suspension 

was sonicated again for 15 min prior to deposition to ensure that nanoparticles were well dispersed 

in toluene. The suspension was then spray-coated on clean FTO substrates to make thin films with a 

thickness of ca. 1 μm, as described in section 2.2.3. The thin films were dried in a vacuum oven at 

room temperature overnight and then used as working electrodes in the three-electrode cell. The 

photocurrent measurement condition was the same as that in section 4.2.3 in chapter 4. 

5.3 Results and Discussion 

5.3.1 Morphology, Phase and Composition  

Bullet-shaped CZTS nanoparticles (sample A, Figure 5-2a) were synthesized by a hot-injection 

method from Cu(acac)2, Zn(OAc)2, SnCl2 and a mixture of OLA and DDT; here DDT is used as both the 

sulfur source and a solvent and OLA functions as a co-solvent. Figure 5-2b shows the powder XRD 

patterns of the sample obtained after 4.5 hr reaction. The patterns can be indexed to the wurtzite 

phase CZTS according to the simulated pattern from literature 7, 9. It has been reported that the use 

of a thiol as the sulfur source is an important factor for the formation of wurtzite-phase CZTS 9. A 

high-resolution TEM (HRTEM) image of an individual particle clearly reveals the single-crystalline 

nature of the bullet-shaped nanocrystal (Figure 5-2c). Lattice spacings are measured to be 0.29, 0.33 

nm and 0.62 nm which corresponds to the (101), (100) plane and (001) plane of the wurtzite CZTS 
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respectively. The measured lattice spacings agree with the calculated data reported by Li et. al 9. The 

measured angle 28o (lower-right inset in Figure 5-1c) fits the theoretical value between (100) plane 

and (101) plane in the hexagonal structure of the wurtzite phase. The fast Fourier transform (FFT) 

image (upper-left inset in Figure 5-1c) matches the hexagonal structure with the particle viewed 

along the [0, 2, 0] zone axis.  

   

 
Figure 5-1. (a) TEM image of the bullet-shaped particles; (b) XRD patterns of the sample and the simulated 

XRD pattern of wurtzite CZTS from literature 9; (c) HRTEM image of the particle, the inset in the 

up-left shows the FFT image on the whole particle and the inset down-right shows the lattice 

spacing of the corresponding part in the white rectangle on the particle. 

Chemical composition of the prepared sample was investigated by EDX. EDX coupled with SEM 

(EDX-SEM) reveals the dried powder have an average composition of Cu1.82Zn1Sn0.93S3.58. Scanning 

transmission electron microscopy (STEM) under dark field mode coupled with EDX shows the 

nanoscale elemental mapping of the prepared nanoparticles. As shown in Figure 5-2, four elements, 

(a) (b) 

(c) 
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Cu, Zn, Sn and S, are evenly distributed among the nanocrystals. This means it is unlikely that the 

obtained powder is a mixture of binary and ternary particles as in such a case the composition would 

not be uniform. 

 

Figure 5-2. STEM-EDX elemental mapping of nanocrystals. The images were obtained on a JEM-2100F 

microscope at an accelerating voltage of 200 kV. 

Similar bullet-shaped nanoparticles have been found in other reports on the topic of synthesis of 

wurtzite CZTS 5-7, 20 and CuInS2 21, 22. Although it is common for a wurtzite crystal to grow along [001] 

direction in a solution-based synthesis, it is unexpected to have an asymmetric growth along this 

direction under a template-free condition. However, wurtzite ZnO nanobullets have also been 

successfully synthesized in a solution-based method; the proposed mechanism indicates Zn(OH)2 

with a sheet-like morphology acting as a self-sacrificing templates for an asymmetric morphology 23. 

In the case of wurtzite bullet-shaped CZTS and CuInS2, copper sulfide has been found in the initial 

growth stage 7, 20, 24-28, which is believed to act as a template for the growth of the bullet-shaped 

particles. 

 



Chapter 5 

 

121 

 

5.3.2 Nanocrystal Formation Process 

To follow the shape evolution process of the bullet-shaped structure, aliquots were taken out from 

the reaction flask at different reaction times and immediately quenched. Particles were separated 

from the aliquots via centrifuging. The morphology of the particles was observed using TEM (Figure 

5-3). The chemical composition of each sample was investigated by EDX-SEM and the results are 

listed in Table 5-2.  

 

Figure 5-3. TEM images of samples obtained at different reaction time: (a) 1 min; (b) 5 min; (c) 10 min; (d) 15 

min; (e) 30 min; (f) 1 hr; (g) 2 hr; (h) 4.5 hr, the inset shows the bullet length distribution. 
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Table 5-2. Elemental composition of sample A obtained at different reaction time. 

Sample No. Time (min) Composition 

A-1 1 CuS 

A-2 5 Cu4.91Zn1Sn0.05S2.58 

A-3 10 Cu4.13Zn1Sn0.25S3.53 

A-4 15 Cu3.32Zn1Sn0.39S3.42 

A-5 30 Cu2.68Zn1Sn0.59S3.52 

A-6 45 Cu2.38Zn1Sn0.82S3.79 

A-7 60 Cu2.14Zn1Sn0.98S3.95 

A-9 120 Cu2.02Zn1Sn1.03S4.14 

A-10 180 Cu2.00Zn1Sn1.03S4.01 

A-11 250 Cu1.83Zn1Sn0.87S3.40 

A-12 270 Cu1.82Zn1Sn0.93S3.58 

 

Figure 5-4. Plotting of the composition change versus time based on the data from Table 5-2: (a) Sn/Zn; (b) 

Cu/Zn; (a) (Cu+Zn+Sn)/S. 
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Nuclei are present 1 min after the temperature of the system reaches 250 oC (Figure 5-3a). EDX tests 

show the nuclei only contain two elements, Cu and S (A-1, Table 5-2), so we refer to the composition 

as CuxS. In other reports, it is also observed that the formation of wurtzite CZTS starts from the 

nucleation of binary CuXS 7, 20, 24, 25, 29. This is probably because the copper precursor tends to be more 

reactive than other metal precursors 18. At 5 min, hexagonal plates have developed (Figure 5-3b). 

Composition analysis shows that both Zn and Sn are now incorporated in the particles (A-2, Table 

5-2). As the reaction time increases, rhombi appear (Figure 5-3c) and then grow into rice-shaped 

particles (Figure 5-3d and e). The rice-shaped particles gradually grow and develop a bullet-shaped 

morphology (Figure 5-3f, g and h). The evolution of the particle morphology is illustrated in Figure 

5-5. 

 

Figure 5-5. Schematic of the formation route of the bullet-shape particle. 

The growth of nanocrystals is associated with a change of the overall chemical composition (A-1- 

A-12, Table 5-2). The particle growth begins with the nucleation of a Cu and S compound (A-1), then 

Zn and Sn start to diffuse into the nulcei. The fast ionic mobility of Cu ions and the cationic vacancies 

in the CuXS is believed to favor the interdiffusion of metal cations between CuXS and wurzite CZTS 7, 20, 

26. However, it is noticed that Zn content is always higher than the Sn content in each sample 

separated from the aliquot taken out before 1 hr (A-2 to A-7). For instance, after 5 min reaction, the 

amount of Sn is only 5% of Zn (A-2). This indicates that Zn has a higher reactivity than Sn under the 

present experimental condition. The increase in reaction time leads to a successive increase in the 

Sn/Zn ratio (Figure 5-4a) and a decrease in the Cu/Zn ratio (Figure 5-4b). The metal-to-sulfur ratio 

continuously reduces towards stoichiometry (Figure 5-4c). The sample with a nearly stoichiometric 

composition of Cu2.00Zn1Sn1.03S4.01 is obtained after 3 hr (A-10).  
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5.3.3 Adjustment of Reaction Conditions 

 

Figure 5-6. TEM images of samples synthesized with different DDT/OLA ratios for 1 hr: (a) A (DDT/OLA=5:1); 

(b) B (DDT/OLA=4:2); (c) C (DDT/OLA=3:3); (d) D (DDT/OLA=2:4); (e) E (DDT/OLA=1:5). (f) sample E 

synthesized with a reaction time of 4.5 hr and the inset HRTEM image shows the single-crystalline 

nature of the particles. 

As can be seen from the inset in Figure 5-3h, the particles have a wide size distribution (the length of 

the bullet-shaped particles). Here we report how the size distribution depends on reaction condition. 

The volume ratio of DDT and OLA in the reaction system is changed systematically according to Table 

5-1; from sample A to sample E, DDT/OLA ratio is gradually reduced. TEM images of these samples 

are shown in Figure 5-6. Sample E with a reaction time of 4.5 hr (same reaction time as sample A) is 

composed of particles which have a bullet-shaped morphology (Figure 5-6f) similar to the ones in 

sample A (Figure 5-2a). This suggests the change of DDT/OLA ratio does not alter the morphology of 
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the resulting particles. However, the particles in sample E are obviously smaller and more uniform in 

size than the ones in sample A, which means the DDT/OLA ratio has an influence on the size and size 

distribution of the particles.  

The average particle size (the length of the bullet-shaped nanoparticles) is shown in Figure 5-7. From 

sample A to sample E, the average particle size becomes smaller and the size distribution become 

more focused. The average particle size decreases from 31.5 nm to 14.0 nm (Figure 5-7a). The 

standard deviation also drops from 29.8% to 10.0% (Figure 5-7b). This shows that by reducing the 

DDT/OLA ratio nanoparticles with smaller size and narrower size distribution can be obtained. 

 

Figure 5-7. (a) Average particle size of nanoparticles synthesized with different DDT/OLA ratios, size statistic 

is based on 100 particles in each sample; (b) standard deviation/average particle size of different 

samples. 

The XRD patterns (Figure 5-8) of all samples can be indexed to wurtzite phase, which reveals the 

crystal structure remains the same when the size of the particle changes. However, the size change is 

associated with a variation of composition as shown in Table 5-3. A plot of the composition change 

versus DDT/OLA ratio based on Table 5-3 clearly shows that Sn/Zn ratio increases as the DDT/OLA 

ratio decreases (Figure 5-9). Given that all the samples have the same reaction time, this indicates 

the relative reactivity of Zn and Sn changes with the change in DDT/OLA ratio. 



Chapter 5 

 

126 

 

 
Figure 5-8. XRD patterns of samples synthesized with different DDT/OLA ratios.  

Table 5-3. Average Composition of samples synthesized with different DDT/OLA ratios. 

Sample Number Average Composition 

A Cu2.36Zn1Sn0.86S3.52 

B Cu2.20Zn1Sn0.90S3.51 

C Cu2.35Zn1Sn0.97S3.70 

D Cu2.55Zn1Sn1.07S3.95 

E Cu2.27Zn1Sn1.09S3.96 

 

Figure 5-9. Plot of Sn/Zn change versus DDT/OLA ratios according to the data from Table 5-3. 
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In the reaction system, DDT is employed as the sulfur source as well as a solvent and OLA is used as a 

co-solvent. It has been reported that the amount of DDT can regulate the activity of the metal 

monomers. For example, in the synthesis of CuInS2 nanoparticles, the composition of the products 

strongly depends on the DDT concentration 30. Meanwhile, OLA is found to be a strong ligand and it 

can be used with DDT to control nanocrystal growth 9, 24. Therefore, it is proposed that the change of 

DDT/OLA ratio leads to a variation of reactivity of the metal cations. 

According to Yin and Alivisatios’ review 31 on the kinetic size control of inorganic nanocrystal growth 

in organic solvent, the average smaller particle size of sample E indicates a smaller critical size (bigger 

than which the nanoparticles grow and smaller than which the nanoparticles redissolve) and the 

smaller critical size results from a higher monomer concentration 32. This means that reactants 

become more chemically reactive under the synthesis condition of sample E. Therefore, we speculate 

the more monodispersed small particles in sample E are caused by an increase in the reactivity of Sn. 

This explanation corresponds well with the trend of composition change revealed by the SEM-EDX 

analysis: the increased Sn/Zn ratio from sample A to sample E (Figure 5-9).  

To prove the assumption that the formation of monodisperse nanoparticles results from an 

increased Sn reactivity, sample E’ was synthesized under the same experimental condition as sample 

E. Chemical composition evolution was checked by taking aliquots from the reaction mixture 

between 1 min and 4.5 hr. SEM-EDX data are presented in Table 5-4. 
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Table 5-4. Elemental composition of sample E’ obtained at different reaction time. 

Sample No. Time (min) Composition 

E’-1 1 Cu1.57Zn0.10Sn0.05S 

E’-2 5 Cu7.85Zn1Sn0.74S6.67 

E’-3 10 Cu6.09Zn1Sn0.76S5.30 

E’-4 15 Cu4.65Zn1Sn1.08S5.29 

E’-5 30 Cu3.28Zn1Sn1.33S4.70 

E’-6 45 Cu2.91Zn1Sn1.35S4.68 

E’-7 60 Cu2.72Zn1Sn1.32S4.67 

E’-8 90 Cu2.56Zn1Sn1.23S4.43 

E’-9 120 Cu2.42Zn1Sn1.17S4.21 

E’-10 180 Cu2.36Zn1Sn1.14S4.10 

E’-11 245 Cu2.30Zn1Sn1.10S3.98 

E’-12 270 Cu2.24Zn1Sn1.11S4.01 

A comparison of the composition evolution between sample A and sample E’ based on Table 5-2 and 

Table 5-4 is made as shown in Table 5-5. Similar to sample A, the nanocrystal growth in sample E’ 

starts with a copper and sulfur dominated composition. However, the incorporation of Sn happens 

much faster than that in sample A. For example, after a reaction period of 5 min, Sn/Zn is 0.74 in 

sample E’-2 while it is only 0.05 in sample A-2. After only 15 min reaction, the content of Sn in 

sample E’-4 is almost equal to that of Zn, while it takes 2 hr to obtain equal amounts of Sn and Zn in 

sample A-9. This result supports the proposal that Sn reactivity is greatly improved when DDT/OLA 

ratio changes from 5:1 (sample A) to 1:5 (sample E’). This conclusion agrees well with the 

aforementioned kinetic size control model 31; the increased reactivity of Sn equates to a higher 

monomer concentration in the system, hence helps to reduce the critical size of the nanocrystal for 

growth which causes the formation of smaller and more monodisperse particles. 
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Table 5-5. Comparison of the chemical composition development of sample A and sample E’. Data is from 

Table 5-2 and Table 5-4. 

Time (minute) Sample A Sample E’ 

1 A-1 CuS E’-1 Cu15.7Zn1Sn0.50S10 

5 A-2 Cu4.91Zn1Sn0.05S2.58 E’-2 Cu7.85Zn1Sn0.74S6.67 

10 A-3 Cu4.13Zn1Sn0.25S3.53 E’-3 Cu6.09Zn1Sn0.76S5.30 

15 A-4 Cu3.32Zn1Sn0.39S3.42 E’-4 Cu4.65Zn1Sn1.08S5.29 

120 A-9 Cu2.02Zn1Sn1.03S4.14 E’-9 Cu2.42Zn1Sn1.17S4.21 

5.3.4 Optical Analysis 

UV-Vis absorption spectroscopy is used to evaluate the optical properties of the nanocrystals in 

sample E’ (Figure 5-10). The bandgap of the wurtzite CZTS nanocrystals is estimated to be 1.54 eV by 

extrapolating the linear region of a plot of ( )2 as a function of  near the bandgap energy (see 

section 2.3.4). The estimated bandgap is slightly higher than the bandgap of kesterite CZTS 

nanocrystals (1.49 eV) synthesized in chapter 3 (see Figure 3-11 in section 3.3.1.3). This result agrees 

with the theoretical calculation 1 which shows the bandgap of wurtzite-derived structure is always 

larger than the corresponding zinc blend-derived structure (kesterite structure is derived from zinc 

blend structure) for the same compound due to a difference in their electronic states. However, the 

bandgap of wurtzite CZTS is still suitable for photovoltaic application. 

 

Figure 5-10. UV-Vis absorption spectrum of sample E’. Inset shows the ( )2 versus  plot which gives an 

estimation of bandgap. 
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5.3.5 Photoelectrochemical Study 

Photoelectrochemical property of wurtzite CZTS thin film has also been studied. A wurtzite CZTS thin 

film was made by spray-coating nanocrystal dispersion (sample E’) on a FTO substrate. The thin film 

was then used as a working electrode in the three-electrode cell. To compare the performance of 

CZTS of different crystal structures, photoresponse of a CZTS thin film made from kesterite 

nanoparticles was also tested under the same condition. IPCE curves of thin films are displayed in 

Figure 5-11. The shape of both curves has a similar trend as the optical absorption curves, decreasing 

from the maximum at the shortest wavelength to the minimum at the longest wavelength. IPCE of 

wurtzite CZTS thin film is in the same order as that of the kesterite CZTS thin film, suggesting the 

potential use of wurtzite CZTS as a photovoltaic material. However, compared with kesterite CZTS 

thin film, wurtzite CZTS film has a lower IPCE value at any given wavelength, indicating the inferior 

performance of wurtzite CZTS. This result corresponds with the fact that the high-efficiency CZTS(Se) 

solar cells all possess the kesterite crystal structure. Nevertheless, colloidal wurtzite CZTS 

nanocrystals have been successfully used as building blocks to fabricate kesterite thin films by 

thermal treatment as demonstrated in references 14, 33, which shows the importance of morphology 

and size control of wurtzite CZTS nanocrystals.  

 

Figure 5-11. IPCE curves of wurtzite and kesterite nanocrystal CZTS thin films. 
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5.4 Summary  

In summary, the bullet-shaped wurtzite-phase CZTS nanoparticles have been synthesized via a 

hot-injection method. The particle shape and composition developing process has been monitored 

by sampling and analyzing the products at different time intervals. By changing the 1-DDT/OLA ratio, 

bullet-shaped nanoparticles with a narrow size distribution can be prepared. The improved size 

distribution can be attributed to an enhanced reactivity of Sn. UV-Vis absorption spectrum reveals 

wurtzite CZTS has a bandgap of 1.54 eV which is slightly higher than that of kesterite CZTS. 

Photoelectrochemical studies show that IPCE of the wurtzite and kesterite CZTS thin films are on the 

same order, suggesting that wurtzite CZTS is a potential photovoltaic material. However, compared 

with kesterite CZTS, wurtzite has an inferior photocurrent response. 
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Chapter 6. Synthesis of Au@Cu2ZnSnS4 Nanoparticles 
and Their Application as a Photocathode Material 

6.1 Introduction 

Dye sensitized solar cells (DSSCs) and semiconductor sensitized solar cells (SSSCs) typically consist of 

two electrodes, a photoactive anode and a cathode. The cathode is primarily responsible for 

transferring electrons from the external circuit back to the redox electrolyte by catalyzing a reduction 

reaction. In traditional DSSCs, the counter electrode is a thin layer of Pt coated on fluorine doped tin 

oxide (FTO) glass that catalyses the reduction of triiodide to iodide 1, 2. However, Pt is an expensive 

material, which is not economical for large-scale use. Photocathodes made from low-cost 

semiconductors as an alternative to Pt counter electrodes have attracted much interest, not only 

because the substitution of Pt may reduce the manufacturing cost of the device, but also because 

the cells which possess two photoelectrodes (a photoanode and a photocathode) have the potential 

to harvest more light and give rise to higher current densities. As a p-type semiconductor, CZTS(Se) 

have been successfully employed as a photocathode material in photoelectrochemical cells, see 

chapter 4 as well as other literature 3-6, leading to increased power conversion efficiency compared 

with solar cells fabricated with Pt counter electrodes. 

It has been demonstrated the performance of a photoanode in a photoelectrochemical cell can be 

enhanced by the addition of metal nanoparticles such as copper (Cu), silver (Ag) and gold (Au) 7-10. 

Three possible enhancement mechanisms have been discussed in the literature 7, 11-13. These are 

plasmon resonance energy transfer (PRET), scattering effects and hot-carrier injection where the 

charge carrier gains sufficient kinetic energy to transfer from the metal nanoparticle to the 

conduction band of the semiconductor 11. In PRET the plasmonic metal absorbs photons and 

transfers the absorbed energy to the semiconductor via dipole-dipole coupling 13. 

In this chapter we consider whether the incorporation of metal nanoparticles into a CZTS 

photocathode can lead to an enhanced power conversion efficiency of photoelectrochemical solar 

cells. Thus, Au@CZTS core-shell nanocrystals are synthesized. Thin films are then fabricated from 
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these core-shell nanoparticles. Photoelectrochemical properties of the thin films are studied. The 

Au@CZTS nanoparticle films are finally used as photocathodes in DSSCs to check if the incorporation 

of Au nanoparticles has an influence on the performance of solar cells. 

6.2 Experimental 

6.2.1 Synthesis of Au@CZTS Nanoparticles 

Core-shell Au@CZTS nanoparticles were synthesized adapting a reported method from literature 14. 

To start with, Cu-Zn-Sn metal precursor solution was prepared in a three-neck bottle attached to a 

Schlenk line by a method similar to that described in section 2.2.1. In a typical synthesis, 1.8 mmol 

copper acetylacetonate (Cu(acac)2), 1.2 mmol zinc acetate (Zn(OAc)2) and 1.0 mmol tin chloride 

(SnCl2) were mixed with 5 cm3 oleylamine. The mixture was then heated to 120 oC under argon and 

stirred for 30 min to dissolve the metal salts. To change the thickness of CZTS shell, different amounts 

of metal salts (Cu, Zn, and Sn salts) were used while their ratio was kept constant. Au nanoparticles 

as the core of the heterostructures were prepared separately on a hot plate. 0.05 mmol HAuCl4·3H2O 

was dissolved in 5 cm3 oleylamine in a glass vial, heated to 120 oC and stirred for 10 min for Au 

nanoparticle growth. The Au nanoparticles were quickly injected into the Cu-Zn-Sn metal precursor 

in the flask. The mixture was stirred for 5 min to allow homogenous dispersion of Au nanoparticles in 

the precursor solution. 0.05 cm3 1-dodecanethiol (1-DDT) and 0.35 cm3 tert-dodecanethiol (t-DDT) 

was then injected into the mixture simultaneously and temperature was increased to 270 oC in ca. 10 

min. After 30 min, the heating mantle was removed and the mixture was cooled down to room 

temperature. The nanoparticles were separated from the liquid phase by centrifuging followed by 

washing with toluene and isopropanol three times, as described in section 2.2.1. The nanoparticles 

were dispersed in toluene by sonication for future use. 

6.2.2 Synthesis of Wurtzite CZTS Nanoparticles 

To investigate the influence of Au incorporation on the properties of nanoparticles, pristine CZTS 

nanocrystals were synthesized as a blank control. The synthesis of pristine CZTS nanoparticles was an 

identical procedure to section 6.2.1 but omitting the addition of Au nanoparticles and using a 
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reaction time of 1 hr. The nanoparticles were also washed and dispersed in toluene for future use. 

6.2.3 Thin Film Fabrication 

Au@CZTS and CZTS thin films were made from nanoparticle-toluene suspension by spray-coating 

deposition as described in section 2.2.3 in chapter 2. Some films were dried in a vacuum oven at 160 

oC for 2 hr. Some films were heat treated in a tubular furnace in the presence of sulfur powder at 350 

oC for 0.5 hr, as described in section 4.2.2 in chapter 4.  

6.2.4 Photoelectrochemical Studies 

Thin films were used as the working electrodes in a three-electrode cell to test their photoresponse 

(see section 2.3.5). The photon to current efficiency (IPCE) measurement was carried out under 

illumination from successive monochromatic light in the wavelength range of 340-880 nm. The 

measurements were carried out in an electrolyte containing 0.1 M EuCl3 and 0.1 M KCl at -0.5 V vs. 

an Ag/AgCl/saturated KCl electrode. The transient photocurrent of Au@CZTS photoelectrode was 

recorded under illumination from a xenon lamp with a power of 60 mW cm-2.  

6.2.5 Solar Cell Fabrication and Characterization 

Thin films were used as counter electrodes in dye sensitized solar cells (DSSCs). Cells were fabricated 

as described in section 2.2.4 and they were tested as described in section 2.3.6. 

6.3 Results and Discussion 

6.3.1 XRD Analysis 

XRD patterns of samples synthesized by reacting Cu-Zn-Sn metal precursor and thiol in/without the 

presence of Au nanoparticles are shown in Figure 6-1. The diffraction pattern of the sample prepared 

without Au can be identified as wurtzite CZTS. The formation of wurtzite-phase CZTS is expected as 

thiol is used as the sulfur source, which corresponds with the synthesis of wurtzite CZTS in chapter 5. 

The pattern of the sample synthesized in the presence of Au consists of diffraction peaks from both 

Au and wurtzite CZTS. The diffraction peaks in both patterns are relatively broad, indicating the 
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formation of nanosized particles. 

 

Figure 6-1. XRD patterns of samples prepared by reacting Cu-Zn-Sn metal precursor and thiol in/without the 

presence of Au nanoparticles. 

6.3.2 Morphology of Particles 

To check if the particles prepared in the presence of Au have a core-shell structure or are just a 

mixture of individual Au and CZTS particles, morphology of as-prepared particles was investigated by 

TEM microscopy. TEM images of bare Au nanoparticles and pristine wurtzite CZTS nanoparticles are 

shown in Figure 6-2a and b respectively as references. TEM image of the sample synthesized by 

reacting metal precursors and thiol in the presence of Au nanoparticles is shown in Figure 6-2c, 

revealing that the resulting particles are not a mixture of individual Au particles (Figure 6-2a) and 

wurtzite CZTS particles (Figure 6-2b) but have an interesting core-shell structure. As shown in the 

image, the gold core with a size of 10-15 nm is surrounded by a shell of CZTS which has a rice-like 

shape. Similar rice-like morphology has been observed during the growth of wurtzite CZTS 

nanoparticles in Figure 5-3 in chapter 5. With the aim of adjusting the thickness of the shell, the 

amount of metal precursors was changed. Nanoparticles were synthesized when the metal 

precursors were reduced to half of the original concentration and the TEM image of the 

nanoparticles is shown in Figure 6-2d. Most gold cores have incomplete shell due to the reduced 

CZTS supply, which is in contrast with the complete encapsulation of gold cores (Figure 6-2c) when 

sample was prepared at the original concentration. This indicates that a suitable concentration of 
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metal precursor is necessary for the formation of complete core-shell nanostructure. 

 

Figure 6-2. TEM image as-synthesized particles: (a) Au nanoparticles; (b) wurtzite CZTS nanoparticles; (c) 

TEM image of particles synthesized by reacting the original amount of metal precursors and thiol 

(see experimental section 6.2.1) in the presence of Au nanoparticles; (d) TEM image of particles 

synthesized by reacting half amount of the original amount of metal precursors and thiol in the 

presence of Au nanoparticles. 

To investigate the formation process of Au@CZTS core-shell nanostructure, aliquots were taken out 

from the reaction flask at different times after the injection of the sulfur source (thiol) into the 

mixture of Cu-Zn-Sn metal precursor and Au nanoparticles. Temperature was raised from 120 oC to 

270 oC after the injection. TEM images of the particles extracted from the system at 2, 8, 18 and 30 

min (end of the reaction) are shown in Figure 6-3. After 2 min (Figure 6-3a), bare Au nanoparticles 

along with amorphous chunks of precursor are observed because the temperature of the system, 

150 oC, was not thermodynamically high enough for the nucleation of CZTS. After 8 min (Figure 6-3b), 

the temperature had reached 250 oC and core-shell nanostructure has formed. Prolonging reaction 

to 18 min and 30 min increases the average thickness of CZTS shell (Figure 6-3c and d). 
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Figure 6-3. TEM images of particles taken out from the reaction flask at different time when thiol was used 

the sulfur source: (a) 2 min; (b) 8 min; (c) 18 min; (d) 30 min (end of the reaction); (d) TEM images 

of the particles after reaction of 30 min when element sulfur powder was used as the sulfur source. 

Synthesis of Au@kesterite CZTS core-shell particles in place of Au@wurtzite CZTS particles was 

attempted since it was demonstrated in chapter 5 that kesterite CZTS had a superior performance 

compared with wurtzite CZTS. In order to produce kesterite CZTS, elemental sulfur power was used 

as an alternative to thiol, which has been proved in chapter 3. However, as shown in Figure 6-3e, the 

quality of core-shell structure is poor and the product mostly is a mixture of individual Au 

nanoparticles and kesterite CZTS particles. 
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(c) (d) 

50 nm 

50 nm 

50 nm 
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6.3.3 Optical Analysis 

 

Figure 6-4. UV-Vis absorption spectra of as-synthesized nanoparticles suspended in toluene. 

The optical property of the Au@CZTS core-shell nanostructure was investigated using UV-Vis 

spectroscopy (Figure 6-4). Spectra of bare Au nanoparticles and pure wurtzite CZTS nanoparticles are 

both displayed as a comparison. The spectrum of Au nanoparticles has a peak centered at 530 nm 

which is attributed to the localised surface plasmon resonance (LSPR); wurtzite CZTS shows a broad 

absorption extending to the edge of near infrared, similar to the results obtained in the previous 

chapter. The spectrum of Au@CZTS core-shell nanoparticles shows two features, a broad absorption 

and an Au plasmonic peak. The broad absorption comes from the CZTS shell of the core-shell 

particles. The Au plasmonic peak in Au@CZTS nanoparticles shifts to ca. 680 nm relative to 530 nm in 

the bare Au nanoparticles. A plasmonic Au signal at 680 nm is consistent with Rayleigh scattering 

from Au nanoparticles in a medium with relative permittivity value of 6.9 15, i.e., an Au core with a 

complete CZTS shell.  

The bandgap of the wurtzite CZTS nanocrystals can be estimated by Tauc plot (see section 2.3.4) 

based on its UV-Vis absorption spectrum. The estimated bandgap is ca. 1.51 eV by extrapolating the 

linear region of a plot of ( )2 vs.  as shown in Figure 6-5. For Au@CZTS nanoparticles, the Au 

plasmon resonance precludes bandgap estimation from Tauc plot, however, similarity in the 

absorption edge (Figure 6-4) indicates Au@CZTS has similar bandgap as the pristine wurtzite CZTS 
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Figure 6-5. Plotting of ( )2 vs.  based on the UV-Vis absorption spectrum of CZTS from Figure 6-4 

which gives an estimation of its bandgap. 

6.3.4 Morphology of Thin Films 

    

   
Figure 6-6. SEM images: (a) top view of a thin film made from wurtzite CZTS nanoparticles; (b) top view of a 

thin film made from Au@CZTS nanoparticles; (c) top view of an Au@CZTS film at a higher 

magnification; (d) cross-section of a thin film made from Au@CZTS nanoparticles. 

Au@CZTS thin films and CZTS thin films were made by spray-coating nanoparticle-toluene dispersion 

on clean substrates. Morphology of the thin films was observed by SEM (Figure 6-6). Large cracks as 

wide as 300 nm can be observed in the films fabricated from pristine CZTS nanocrystals (Figure 6-6a). 

(a) (b) 

1 μm 

1 μm 1 μm 

(c) (d) 

200 nm 
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However, the films made from Au@CZTS nanoparticles exhibit a more continuous surface, although 

narrower cracks are still visible in the film (Figure 6-6b). This corresponds with the observation made 

by Aydil that thin films made from nanoparticles with larger size tend to have fewer cracks 16. At 

higher magnification (Figure 6-6c), it can be seen that the surface of the film is covered with 

Au@CZTS particles with a size of 30-50 nm, which agrees with the particle dimension observed in the 

TEM images (Figure 6-2c). The cross-sectional image on the crack-free area of the film shows that the 

nanoparticles are densely packed (Figure 6-6d). 

6.3.5 Photoelectrochemical Analysis 

  
Figure 6-7. (a) IPCE curves of CZTS and Au@CZTS thin films under illumination from monochromatic light; (b) 

transient photocurrent of Au@CZTS thin film. 

Au@CZTS thin films and CZTS thin films fabricated on FTO glass substrates were used as 

photoelectrodes in the three-electrode cell. Their IPCE curves are shown in Figure 6-7a. Compared 

with the CZTS thin film, the Au@CZTS photocathode exhibits an enhanced IPCE across the entire 

wavelength range with a distinct peak between 600-750 nm. This peak corresponds to the plasmon 

resonance frequency of the gold core embedded in the CZTS matrix as shown in the UV-Vis 

absorption spectrum (Figure 6-4).  

Transient photocurrent of an Au@CZTS photocathode was recorded in the same electrolyte under 60 

mW cm-2 radiation from a xenon lamp (Figure 6-7b). The transient photocurrent has a negative sign 

which reflects the p-type nature of CZTS. A maximum current of 540 μA cm-2 under illumination from 

a Xe lamp of 60 mW cm-2 indicates a higher photon to current conversion efficiency under more 

(a) (b) 
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intense radiation than that observed in the previous monochromatic IPCE measurement, suggesting 

that charge carrier recombination via trap states occurs at low light intensity.   

6.3.6 Application in DSSCs 

Au@CZTS thin films and pristine wurtzite CZTS thin films (on FTO glass substrates) were employed as 

counter electrodes in dye sensitized solar cells (DSSCs) as illustrated in Figure 6-8a; a commercial 

platinum (Pt) counter electrode was also used as a comparison. Current-voltage (J-V) curves of five 

DSSCs are shown in Figure 6-8b and key cell parameters such as open circuit voltage (VOC), short 

circuit current (JSC), solar cell conversion efficiency (η) and fill factor (FF) are summarized in Table 6-1. 

Solar cells with unannealed wurtzite CZTS film and annealed film as the photocathode both have 

higher short circuit photocurrent than a cell containing a Pt counter electrode. This is because CZTS 

can act an absorber layer and provide extra charge carriers, contributing to the photocurrent. 

However, as shown in Table 6-1, the wurtzite CZTS photocathodes give rise to slightly lower VOC and 

poorer fill factor, resulting in a lower cell efficiency compared with the cell consisting of a Pt counter 

electrode. Solar cells fabricated with Au@CZTS films as the photocathodes, annealed and 

unannealed, have similar VOC and fill factor to cells prepared using a Pt counter electrode. However, 

solar cells with the Au@CZTS photocathodes possess higher JSC than the classic cell with a Pt counter 

electrode. The higher JSC means that the DSSC with an Au@CZTS counter electrode annealed at 350 

oC had an efficiency of 8.16% which is 22.9% higher than an identical cell with a Pt counter electrode. 
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Figure 6-8. (a) Illustration of a DSSC with a photocathode made from wurtzite CZTS/Au@wurtzite CZTS 

nanoparticles; (b) J-V curves of solar cells fabricated with different counter electrodes. 

Table 6-1. Key parameters of DSSCs extracted from Figure 6-8b. 

Counter electrode VOC (V) JSC (mA/cm2) FF η (%) 

Pt 0.70 16.59 0.57 6.64 

wurtzite CZTS no annealing 0.67 18.18 0.31 3.72 

wurtzite CZTS annealed at 350 oC 0.69 19.48 0.39 5.31 

Au@wurtzite CZTS no annealing 0.70 20.25 0.54 7.69 

Au@wurtzite CZTS annealed at 350 oC 0.70 20.61 0.57 8.16 
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6.3.7 Mechanism Analysis 

To analyse the IPCE and associated UV-Vis curves further electromagnetic modelling was carried out 

by Dr. Anthony Centeno using the Finite Difference code MEEP. The analysis consisted of calculating 

the absorption and scattering efficiency between 350-1000 nm, for a 15 nm diameter Au sphere 

surrounded by CZTS. The calculations show that the scattering efficiency is very low across the 

spectrum. The results for the absorption efficiency are displayed in Figure 6-9a (Details of the 

electromagnetic modelling are provided in Appendix 1). As shown in the figure, a large absorption 

peak appears at 620 nm and high absorption efficiency for wavelengths below 700 nm can also be 

observed. The prepared CZTS has a bandgap of 1.51 eV, corresponding to a wavelength of 821 nm. 

The absorption peak of the Au nanoparticles at 620 nm means that there is a non-radiative transfer 

of energy from LSPR dipole of Au nanoparticles to the transition dipole of CZTS semiconductor to 

induce charge generation by plasmon resonant energy transfer (PRET). The strength of the PRET 

depends on the spectral overlap of the semiconductor’s absorption band with the Au nanoparticle 

absorption as well as the distances between the two dipoles. It is noted that there is a large increase 

in IPCE below 500 nm for the Au@CZTS thin film (Figure 6-7a) compared to the pristine CZTS thin film. 

Meanwhile, the electromagnetic modelling shows that there is coherent PRET at all wavelengths 

below the wavelength of the donor dipole, i.e., the LSPR of the Au 13. This arises because that strong 

absorption of photons by the Au at these wavelengths still exists and this absorption overlaps with 

the absorption spectra of CZTS. Thus, the enhancement below 500 nm is likely to be attributed to the 

coherent PRET in the system. The enhancement at short wavelengths is consistent with the work 

recently reported by Li et al 13. 
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Figure 6-9. (a) Calculated absorption efficiency for a 15 nm diameter Au sphere embedded in wurtzite CZTS; 

(b) schematic of the charge carrier generation in Au@CZTS nanoparticles under illumination in two 

routes: Route 1 in red shows charge generation directly by incident light and Route 2 in bule shows 

charge generation by energy transfer from LSPR of Au core to CZTS via PRET. 

A proposed pathway for photocurrent generation in the photocathodes is described as follows 

(shown in Figure 6-9b). When the Au@CZTS nanoparticles were employed as a photocathode 

material in the DSSCs, light which passed through the photoanode and electrolyte could excite 

electrons from the valence band of CZTS into the conduction band (Route 1 in Figure 6-9b), which 

contributed higher photocurrent to the circuit compared with Pt counter electrode. Furthermore, 

LSPR generated in the Au nanoparticles can transfer energy to CZTS via PRET (Route 2 in Figure 6-9b), 

contributing extra charge carriers and hence a higher photocurrent relative to pure CZTS 

photocathode. The produced photoelectrons on the sulphide surface are captured by oxidised 

species in the electrolyte, while the holes are transported to the external circuit to complete the 

photoelectrochemical cycle. 

6.4 Summary 

In conclusion, Au@wurtzite CZTS core-shell nanoparticles have been synthesized. The optical 

spectrum of the core-shell nanoparticles shows a broad absorption from CZTS shell extending to the 

edge of near infrared and a peak attributed to the Au plasmon resonance. Photoelectrochemical 
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studies show that Au@CZTS thin films have higher IPCE across the entire wavelength range relative 

to the pristine CZTS thin film. When the Au@CZTS photocathode was employed as the counter 

electrode in a DSSC, the power conversion efficiency of the cell was ca. 22% higher than that of an 

identical cell with a standard Pt counter electrode. The increased efficiency is likely to be attributed 

to the overlapping of the absorption spectra of the Au and CZTS leading to PRET. 
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Chapter 7. In-situ Generation and Deposition of Bi2S3 
Nanocrystals on TiO2 Thin Films as Sensitizers in 

Photoanodes 

7.1 Introduction 

Bi2S3, an n-type semiconductor, is a promising material for photovoltaic applications. It has a large 

optical absorption coefficient on the order of 105 cm-1 in the visible region 1, 2. Bulk Bi2S3 has a direct 

bandgap of ca. 1.3 eV 1 which is ideal for thin film solar cells. Indeed, a study carried out by Peter 3  

more than two decades ago indicated that Bi2S3 was a good candidate for photoelectrochemical cells, 

as the anodic Bi2S3 film showed a photocurrent quantum efficiency close to unity across a wide 

spectral range. 

Colloidal nanocrystalline Bi2S3 has drawn increasing attention recently. Bi2S3 nanostructures with a 

variety of shapes such as nanodots 4, nanorods 5, nanowire 6 and nanoribbon 7 were made through 

various solution-based methods and some of these nanostructures have been employed for solar cell 

fabrication. Bi2S3 thin films made from pre-synthesized nanocrystals have been successfully used in 

solid-state photovoltaics. Konstantatos et al. reported a p-n junction solar cell made from a Bi2S3 

nanocrystal film and a PbS nanocrystal film, exhibiting an efficiency of 1.6%1. Wang fabricated a bulk 

heterojunction solar cell by incorporating premade Bi2S3 nanowires into a p-type polymer 8. 

It has been claimed that nanocrystalline Bi2S3 is a good sensitizer material in quantum dot sensitized 

solar cells 9. The first application of Bi2S3 as a sensitizer for the wide bandgap oxide material was in 

1994 10. Typically Bi2S3 sensitized photoanodes are prepared by depositing Bi2S3 on the surface of TiO2 

or SnO2 through a successive ion layer adsorption and reaction method (SILAR). In this process, the 

oxide film is sequentially dipped into solutions comprised of bismuth ions and sulfide ions. The most 

widely used sulfide source is Na2S and the bismuth sources are usually inorganic bismuth salts such 

as Bi(NO3)3 and BiI3. However, inorganic bismuth salts are poorly soluble in water, which means the 

resulting solution only has a small concentration. As a result, many repeated SILAR cycles are needed 
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to deposit the desired amount of Bi2S3 
11, making the photoanode fabrication a time-consuming and 

tedious process. Moreover, there is evidence 9 that the reaction between Bi(NO3)3 and Na2S by SILAR 

does not produce Bi2S3 but instead generates another photoactive compound, NaBiS2. Therefore, it is 

necessary and important to develop alternative approaches to fabricate Bi2S3 sensitized 

photoanodes.  

In this chapter, a novel method has been developed for the in-situ generation and deposition of Bi2S3 

nanocrystals on the surface of TiO2 to make Bi2S3 sensitized photoanodes. Different from the SILAR 

process, during which bismuth source and sulfide source are loaded into an oxide film separately, the 

method developed in this thesis employs a precursor which contains both bismuth and sulfide 

elements. The precursor is deposited into an oxide film followed by a heat treatment. The 

decomposition of the precursor results in an in-situ generation of Bi2S3 nanocrystals on the surface of 

oxide particles.  

7.2 Experimental 

7.2.1 Preparation of Bi-organic Precursor 

Bi-organic precursor, tris (N,N-diethyldithiocarbamato) bismuth, (Bi2[(S2CN(C2H5)2)3]2), was prepared 

adapting a literature process 12 by the reaction of bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, 

≥99.99%, Sigma-Aldrich) and sodium dithiocarbamate (NaS2CN(C2H5)2·3H2O, ≥99.99%, Sigma-Aldrich). 

In a typical synthesis, 1.5 g Bi(NO3)3·5H2O was mixed with 30 cm3 acetone in a beaker under stirring. 

At the same time, 2.1 g sodium dithiocarbamate was mixed with 30 cm3 acetone in a second beaker. 

It was noted that neither Bi(NO3)3·5H2O nor sodium dithiocarbamate could completely dissolve in the 

acetone due to their limited solubility. The sodium dithiocarbamate-acetone mixture was then added 

to Bi(NO3)3-acetone mixture drop by drop under vigorous stirring, leading to the formation of yellow 

precipitate. The mixture was kept stirring overnight in a fumehood for the evaporation of solvent. 

The resulting yellow powder was collected and recrystallized in chloroform to remove the insoluble 

impurities. The yellow powder obtained from the recrystallization process was dried in a vacuum 

oven at room temperature overnight.  
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Thermal analysis of the precursor was investigated using a thermal analyzer NETZSCH STA 449 C. The 

measurement was carried out in an alumina crucible at a heating rate of 10 oC/min under a nitrogen 

atmosphere.  

7.2.2 In-situ Deposition of Bi2S3 Nanocrystals on TiO2 Thin Films 

Bi2S3 nanocrystals were deposited on TiO2 thin films using an in-situ approach as illustrated in Figure 

7-1. To start with, TiO2 thin films were fabricated as described in section 2.2.2. Briefly, a compact TiO2 

layer was firstly made on a clean FTO glass substrate from a commercial paste (Ti-Nanooxide BL/SP, 

Solaronix). A porous TiO2 layer was then made on top of the compact layer from another commercial 

paste (18NR-t Titanian paste, Dyesol). The resulting TiO2 thin films were then kept in a clean 

container for future use. At the same time, a Bi-organic precursor solution was made by dissolving 

the as-synthesized yellow precursor powder in 10 cm3 chloroform. Precursor solutions of three 

concentrations, 0.05 M, 0.15 M and 0.20 M were made. It was noted that the precursor was highly 

soluble in chloroform and a transparent yellow solution was obtained. The as-prepared TiO2 thin 

films were then heated at 130 oC for 15 min on a hot plate to remove the adsorbed moisture. The hot 

films were then immersed in the Bi-organic precursor-chloroform solution and soaked for ca. 24 hr 

before removal. The films were left to dry in a fumehood at room temperature for > 24 hr. The films 

then were placed in a tubular furnace with an argon flow. The temperature of the furnace was raised 

to 450 oC at a rate of 10 oC/min. The thin films were annealed at this temperature for 15 min to allow 

the decomposition of precursor. The prepared films were referred to as TiO2-Bi2S3 films.  

 

Figure 7-1. Schematic of the procedures of in-situ deposition of Bi2S3 on a TiO2 thin film. 
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7.2.3 Fabrication of Bi2S3 Thin Films 

Bi2S3 thin films were fabricated via the decomposition of precursor thin films. A 0.20 M precursor 

solution was spin-coated onto clean substrates to make the precursor thin films. The films were left 

to dry in a fumehood overnight before annealing at 450 oC for 15 min in a tubular furnace under an 

argon atmosphere. 

7.2.4 Photoelectrochemical Studies 

Photoelectrochemical studies on TiO2-Bi2S3 thin films and Bi2S3 thin films were carried out in a 

three-electrode cell as described in section 2.3.5. IPCE measurement under successive 

monochromatic light between 440-800 nm was recorded at -0.4 V against an Ag/AgCl/1 M KCl  

reference electrode. The electrolyte used for measurement was a 1 M sodium sulphide aqueous 

solution (Na2S·9H2O, ACS reagent, ≥98%, Sigma-Aldrich). 

7.2.5 Solar Cell Fabrication and Characterization 

Photoelectrochemical solar cells were fabricated as described in section 2.2.5 using a TiO2-Bi2S3 film 

as the photoanode, a CoS electrode as the counter electrode and a polysulfide solution as the 

electrolyte. Solar cell tests were carried out following the procedures described in section 2.3.6. 

7.3 Results and Discussion 

7.3.1 Thermogravimetric Analysis of the Precursor 

To find out the decomposition temperature of the precursor, thermogravimetric analysis (TGA) was 

carried out. TGA plot (Figure 7-2) shows the weight of the precursor changes as the temperature 

increases. The curve shows the main weight loss starts at ca. 200 oC and ends at ca. 355 oC, which is 

attributed to the precursor decomposition. A total weight loss of ca. 62% is observed, which matches 

the weight change when Bi2[(S2CN(C2H5)2)3]2 decomposes into Bi2S3 according to equation 7-1 12. The 

weight loss also indicates complete removal of volatile carboneous products from the precursor. TGA 

analysis therefore proves that Bi2S3 can be generated from the as-prepared Bi-organic precursor at a 

temperature above 355 oC. To ensure complete decomposition of the precursor and good crystallity 
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of the product, the experimental heat treatment temperature is set at 450 oC for the fabrication of 

Bi2S3 and TiO2-Bi2S3 thin films. 

 
 (7-1) 

 

Figure 7-2. TGA plot of Bi-organic precursor. 

7.3.2 XRD Analysis 

 
Figure 7-3. (a) XRD patterns of the film made by decomposition of spin-coated precursor film compared with 

reference pattern of orthorhombic Bi2S3 JCPDS#17-0320; (b) XRD pattern of the film made by in-situ 

decomposition of precursor (0.20 M) deposited on TiO2 thin film (pattern 1) compared with XRD 

pattern of anatase TiO2 thin film (pattern 2) and reference Bi2S3. 

To fabricate Bi2S3 thin film, the spin-coated precursor film on a glass substrate was thermal treated at 

450 oC as discussed in the previous section. The XRD pattern of the film is shown in Figure 7-3a. As 

(a) (b) 

(1) 

(2) 
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expected, the pattern can be indexed to be Bi2S3, which agrees with the TGA measurement.  

XRD pattern of the film made by in-situ decomposition of precursor deposited on TiO2 thin film was 

collected (Figure 7-3b-(1)). The pattern of bare TiO2 thin film with an anatase phase was also 

collected as a reference (Figure 7-3b-(2)). As shown in Figure 7-3b-(1), the pattern consists of 

diffraction peaks from both Bi2S3 and TiO2 without the presence of any extra peaks from impurities, 

indicating crystallized Bi2S3 is produced from decomposition of precursor on the surface of TiO2. 

TiO2-Bi2S3 thin film therefore has been successfully fabricated from an in-situ approach. 

7.3.3 Raman Spectrum 

 

Figure 7-4. Raman spectrum of a TiO2-Bi2S3 thin film. 

To further confirm the formation of Bi2S3 from the precursor in the presence of TiO2, a Raman 

spectrum of the thin film was collected at room temperature in the range of 100-1000 cm-1 (Figure 

7-4). The spectrum has characteristic peaks from anatase TiO2 as marked in red dot lines in the 

picture. The spectrum also consists of strong peaks at 238 cm-1 and 261 cm-1 (marked in blue dash 

lines) which are characteristic of crystalline Bi2S3 13. This result indicates the success of in-situ 

generation of crystallized Bi2S3 on the TiO2 thin film, which corresponds well with XRD analysis. 

7.3.4 Morphology and Composition 

A TEM image of powder scratched from a TiO2-Bi2S3 film is shown in Figure 7-5a. Clear contrast in the 

TEM image can be observed. High-resolution TEM (HRTEM) shows large particles decorated with 
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small particles of a different material (Figure 7-5b). On the basis of prior information it is assumed 

they are TiO2 and Bi2S3. The size distribution of Bi2S3 nanoparticles counted from several HRTEM 

images is displayed in Figure 7-5c. The average particle size was found to be 3.5 nm. High-mag image 

reveals lattice fringe of 0.355 nm which corresponds to (130) plane of Bi2S3 as shown in the circle in 

Figure 7-5d, suggesting crystalline nature of in-situ formed Bi2S3. 

 

  
Figure 7-5. (a) TEM image of TiO2-Bi2S3 film made from 0.05 M precursor solution; (b) HR-TEM image of the 

TiO2-Bi2S3 film; (c) the size distribution of Bi2S3 particles based on HR-TEM images; (d) high-mag 

image of a part of film in (b). Circles show the lattice fringes of the Bi2S3 nanoparticles. 

Typical scanning transmission electron microscopy (STEM) images of TiO2-Bi2S3 film under dark-field 

mode are shown in Figure 7-6a and b. It is clearly observed that Bi2S3 nanocrystals (of white colour) 

are distributed on the surface of TiO2 particles (of grey colour). This means in-situ decomposition of 

precursor is an effective way to deposit Bi2S3 nanoparticles on the surface of TiO2. EDX elemental 

mapping was executed on one TiO2-Bi2S3 chunk (the one shown in Figure 7-6b). Signals from Ti, O, Bi 

and S are all collected, which supports the hypothesis that it is Bi2S3 on TiO2. It is noted due to the 

damage caused by the electron beam, as evidenced by the large grey area in the STEM images, 

(a) 

50 nm 

5 nm 

(b) 

 

 

(c) (d) 
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element signals are found beyond the edge of TiO2 particles as shown in the mapping images. 

Nevertheless, the distribution of Bi and S roughly matches the locations of Bi2S3 nanoparticles in the 

STEM image. 

    

 
Figure 7-6. (a)-(b) STEM image of TiO2-Bi2S3 film made from 0.05 M precursor solution ; (c) EDX elemental 

mapping on the TiO2-Bi2S3 chunk shown in (b). The dash frame is drawn as a visual guide. 

7.3.5 Cross Section of TiO2-Bi2S3 Thin Film 

The precursor was deposited into TiO2 thin film by soaking the film in a precursor-chloroform 

solution. To check if the solution could penetrate through the TiO2 film and reach the bottom of the 

pores, a cross-section of a TiO2-Bi2S3 film made from a 0.05 M precursor solution was prepared by 

focused ion beam milling (FIB, see section 2.3.2.2) and elemental distribution on the cross-section 

 

(c) 

(a) (b) 
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was examined by EDX. A cross-sectional image of the film is displayed in Figure 7-7a. Several Layers 

can be observed sequentially from the bottom to the top of the cross-section, which are the glass 

substrate, the conductive FTO layer, the TiO2-Bi2S3 thin film and the surface. Element mapping has 

been done on the cross-section and distributions of Ti, Bi and S are shown in Figure 7-9b, c and d 

respectively. This study shows that both Bi and S are evenly distributed from the surface to the 

bottom of the TiO2 thin film, suggesting the precursor solution is able to penetrate through the whole 

film.  

 

Figure 7-7. (a) Cross-section of a TiO2-Bi2S3 thin film; (b) distribution of Ti; (c) distribution of Bi; (d) 

distribution of S. 

Meanwhile, a quantitative study on the composition of the TiO2-Bi2S3 thin film was also carried out. 

The Bi/Ti atomic ratio at different locations on the cross-section of the film was investigated by EDX. 

As shown in Figure 7-8a, composition of 21 different points on three parallel layers (Layer A, B and C) 

on the cross-section were analyzed. The atomic Bi/Ti ratio of each point is plotted in Figure 7-8b. 

Despite these points sitting at different depth, Bi/Ti ratios are all close to 0.12 (the dash line in the 

Figure 7-8b). Precisely, the average Bi/Ti ratio of all points is 0.119±0.011. Layer A, B and C has an 

average Bi/Ti ratio of 0.121±0.009, 0.116±0.013 and 0.117±0.011 respectively, which further 

(a) (b) 

(d) (c) 
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confirms that precursor solution is able to reach the bottom of TiO2 thin film.  

  

Figure 7-8. (a) Composition analysis by EDX at 7 locations on three parallel layers (red, blue and green dots 

respectively) on the cross-section of TiO2-Bi2S3 thin film; (b) plotting of Bi/Ti ratio at different 

locations. 

7.3.6 Photoelectrochemical Studies 

7.3.6.1 TiO2-Bi2S3 Thin Film Compared with Bi2S3 Thin Film 

 
Figure 7-9. (a) Transient photocurrent of Bi2S3 and TiO2-Bi2S3 films (made from 0.05 M precursor solution) 

under illumination (λ = 440 nm with a power intensity of 0.632 mW cm-2); (b) IPCE curves of Bi2S3 

and TiO2-Bi2S3 films under illumination from monochromatic light, inset shows the magnified IPCE 

curve of Bi2S3 film. 

Transient photoresponses of both TiO2-Bi2S3 thin film and Bi2S3 thin film under chopped illumination 

from a single-wavelength visible light (λ = 440 nm) were recorded and compared (Figure 7-9a). The 

scan proceeded cathodically from -300 mV to -700 mV vs. an Ag/AgCl/1 M KCl reference electrode at 

500 nm 

1      2     3    4   5     6   7 
A 
B 
C 

(a) (b) 

(a) (b) 

light on 

light off 
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a scan rate of 1 mV/s in a 1 M Na2S aqueous electrolyte.  

Upon illumination the Bi2S3 thin film exhibits a positive photocurrent, indicating the n-type nature of 

Bi2S3. TiO2-Bi2S3 thin film also generates a positive transient photocurrent under visible illumination, 

suggesting that TiO2 film has been successfully sensitized by Bi2S3 nanocrystals. This means that 

photogenerated electrons in Bi2S3 nanocrystals on the surface of TiO2 particles are able to transfer to 

the TiO2 network and are collected at the back contact. Another apparent feature in Figure 7-9a is 

the much higher photocurrent of TiO2-Bi2S3 film than that of Bi2S3 thin film at any given potential 

within the scan range, i.e., the former is about 10 times that of the latter at -320 mV and 30 times at 

-650 mV. The transient photoresponse test therefore shows that Bi2S3 sensitized TiO2 film is a 

superior photoanode material than the pristine Bi2S3 thin film.  

IPCE curves between 440-800 nm of both TiO2-Bi2S3 thin film and Bi2S3 thin film were recorded. As 

displayed in Figure 7-9b, IPCE curve of TiO2-Bi2S3 thin film has similar trend as the curve of Bi2S3 thin 

film (inset in Figure 7-9b). The sepctrum of TiO2-Bi2S3 thin film is broad with the IPCE value slowly 

dropping down from 21% at 440 nm to 1% at 800 nm, demonstrating the deposited Bi2S3 nanocrytals 

can extend photoreponse of TiO2 film into the visible region. Compared with Bi2S3 film, TiO2-Bi2S3 thin 

film shows higher conversion efficiency throughout the whole visible region, which further confirms 

the success of using the in-situ generated Bi2S3 nanocrystals as sensitizers.  

7.3.6.2 Influence of Concentration of Precursor Solution 

In this chapter, TiO2-Bi2S3 films were fabricated from precursor solutions of three different 

concentrations, 0.05 M, 0.15 M and 0.20 M respectively. UV-Vis absorption spectra of the resulting 

TiO2-Bi2S3 films are shown in Figure 7-10a. The absorbance of the thin film improves as the precursor 

concentration increases, indicating an increased Bi2S3 loading at higher precursor concentration. 

However, as displayed in Figure 7-10b, IPCE of the films decreases as the solution concentration 

increases in most parts of the spectrum except for a small range at longer wavelength between 

760-800 nm where films fabricated from higher concentration solutions have slightly enhanced IPCE 

values. The overall performance of the three films suggests the 0.05 M is more suitable for the 
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fabrication of Bi2S3 sensitized TiO2 photoanodes than the other two solutions with higher 

concentrations. 

 

Figure 7-10. (a) UV-Vis absorption of TiO2-Bi2S3 thin films made from precursor solution with three 

concentrations, 0.05 M, 0.15 M and 0.20 M respectively; (b) IPCE curves of corresponding TiO2-Bi2S3 

thin films. 

To check why the samples made from 0.15 M and 0.20 M precursor solutions exhibit lower 

photo-to-electron conversion efficiency than the one made from 0.05 M solution in spite of 

enhanced light absorption, the morphology of the three TO2-Bi2S3 films was investigated by SEM 

(Figure 7-11). As the solution concentration increases, Bi2S3 does not simply grow in the form of 

nanoparticles attaching onto the surface of TiO2 particles as it does in the case of the 0.05 M solution 

(see Figure 7-6), but instead grows as individual rods as shown in Figure 7-11 c-f. Rods which has a 

length of 50-100 nm can be found stretching out of the surface of the film made from the 0.15 M 

solution (Figure 7-11 c and d), while the length of rods appearing on the film fabricated from the 0.20 

M solution is as long as 1 μm (Figure 7-11 e and f). Bi2S3 in the form of rods as a result of 

concentrated precursor solution obviously cannot effectively sensitize TiO2. Moreover, the Bi2S3 rods 

will harvest incident light on the surface of the film and thus block or reduce the light absorption by 

the small Bi2S3 particles distributed on the surface of the TiO2 particles. The resulting TO2-Bi2S3 films 

therefore have inferior performance compared with the film made with the original solution of lower 

concentration. 

 

(a) (b) 
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Figure 7-11. SEM images of TiO2-Bi2S3 thin films made from solutions with different concentrations: (a)-(b) 

0.05 M; (c)-(d) 0.15 M; (e)-(f) 0.20 M. 

7.3.6.3 Influence of Number of Deposition Cycle 

To increase the amount of sensitizers in TiO2 film, another possible solution is to increase the 

number of deposition cycle. It was found if the TiO2-precursor film was not annealed before the next 

cycle of precursor deposition by soaking the film again in the precursor solution, the pre-deposited 

precursor would redissolve in the chloroform due to its large solubility. The film was therefore heat 

treated to allow the decomposition of precursor before the next deposition cycle. TiO2-Bi2S3 thin 

films were made with one, two and three deposition cycles. IPCE curves of three films are shown in 

0.15 M 

0.20 M 

(a) 

(c) (d) 

(e) (f) 

0.15 M 

0.20 M 

1 μm 

1 μm 

1 μm 

100 nm 

100 nm 
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Figure 7-12. As the number of deposition cycle increases, the overall performance of TiO2-Bi2S3 thin 

film becomes worse. Specifically, when the film is fabricated with two deposition cycles, IPCE at any 

given wavelength between 440-700 nm declines compared with that of the film made with only one 

cycle, although a slight increase in IPCE can be observed in the longer wavelength. The average IPCE 

loss is 22% between 440-700nm. For the film fabricated with three deposition cycles, IPCE drops 

even more dramatically and the average IPCE loss is as much as 76%. The reason for the inferior 

performance of TiO2-Bi2S3films fabricated with more than one deposition cycles is likely to be the 

damage to the film caused by repeated heat treatment, as films made with three cycles were found 

to be easily peeled off which indicates a loss of contact between the film and FTO glass back contact.  

 

Figure 7-12. IPCE curves of TiO2-Bi2S3 thin films made with one, two and three deposition cycles in 0.05 M 

precursor solution. 

7.3.7 Bi2S3 sensitized TiO2 Solar Cell 

A Bi2S3 sensitized solar cell was fabricated by assembling a TiO2-Bi2S3 thin film as the photoanode 

with a CoS counter electrode (Figure 7-13a). The TiO2-Bi2S3 photoanode was fabricated from a 0.05 M 

precursor solution with one deposition cycle. The current-voltage (J-V) curve of the Bi2S3 sensitized 

solar cell was recorded under one sun illumination (100 mW cm-2). Light came into the cell from the 

FTO glass side of the photoanode. The J-V curve is shown in Figure 7-13b. The cell has an open circuit 

voltage (VOC) of 250 mV, a short circuit current (JSC) of 2.0 mA cm-2, a fill factor of 0.32 and a power 

conversion efficiency of 0.165%. This efficiency is in the same order of magnitude as the highest 
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reported efficiency of Bi2S3 sensitized solar cell (0.84%) to date 9. Given the fact that in this work the 

solar cell design and fabrication are not optimized, e.g., the thickness and porosity of TiO2 film are 

not optimized, no light scattering layer is used and the CoS counter electrode and the composition of 

electrolyte are not optimized, the reasonable efficiency of the fabricated solar cell strongly suggests 

that the method developed in this chapter for in-situ Bi2S3 nanocrystal generation and deposition has 

great potential for making high-performance devices. Moreover, this method can easily be applied 

for the deposition of other binary sulfide nanocrystals such as PbS and CdS, as dithiocarbamates are 

highly versatile ligands which can form stable complexes with all the transition elements and the 

majority of main group 14; and the products generally have good solubility in water or organic 

solvents.

 

Figure 7-13. (a) Illustration of the configuration of Bi2S3 sensitized solar cell; (b) current-voltage (J-V) curve of 

the solar cell under illumination. 

It is noted, however, both the fabricated Bi2S3 sensitized solar cell and the reported record cell 9

exhibit relatively smaller VOC compared with solar cells sensitized by other semiconductors such as 

CdSe and PbS which normally have a VOC of ca. 0.5 V. To identify possible reasons for the small VOC, it 

is necessary to examine the energy diagram of TiO2/Bi2S3/polysulfide.  

The redox potential of polysulfide solution depends on its composition. However, polysulfide 

solution is a very complicated system in which various species coexist and calculating its redox 

potential is complex. According to the study on the polysulfide system carried out by Lessner and 

(a) (b) 
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coworkers two decades ago 15, when the sulfur/total sulfide ratio in the electrolyte is between 

0.1-3.0 and the pH of the solution is between 10.6-13.8, the redox potential is given by the 

expression  

  (7-2) 

where ,  and  can be calculated when main reactions listed below in the system 

reach equilibrium at room temperature, 

  (7-3) 

  (7-4) 

  (7-5) 

   (7-6) 

  (7-7) 

  (7-8) 

The system contains a series of polysulfide ions, proton and hydroxide. Their equilibrium 

concentrations change as the initial amount of chemicals vary, which consequently alters the redox 

potential according to equation 7-2. An iterative numerical method is used to calculate concentration 

of the main species in the solution ( , , ,  and ) when both the pH value of the 

solution and the /  ratio are fixed. The calculation is based on charge balance, material balance 

and reaction equilibria. It was carried out by Mr. Marc Coury by rewriting the computation code 

found in Lessner’s thesis 16. The code is written in Python as attached as Appendix 2 at the end of this 

thesis. Table 7-1 and Table 7-2 show the calculated redox potential (relative to standard hydrogen 

electrode, SHE) of polysulfide solutions with different chemical compositions. The corresponding 

redox potential distributions are plotted in Figure 7-14. 
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Table 7-1. Calculated redox potential (in mV vs. SHE) of polysulfide solution with 1 M S and different S2- 

concentration at set pH value. 

pH S2- (M) 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

10.5 -393.2687 -414.5199 -423.4604 -429.2025 -433.4407 -436.8016 -439.5868 -441.9652 -444.0406 -445.8816 

11.0 -411.3425 -433.0492 -442.0734 -447.8557 -452.1190 -455.4977 -458.2967 -460.6862 -462.7708 -464.6198 

11.5 -429.4473 -451.6261 -460.7374 -466.5611 -470.8505 -474.2479 -477.0613 -479.4625 -481.5571 -483.4146 

12.0 -447.3882 -470.1980 -479.4209 -485.2975 -489.6199 -493.0409 -495.8726 -498.2887 -500.3957 -502.2641 

12.5 -464.5508 -488.6209 -498.0460 -504.0139 -508.3913 -511.8506 -514.7112 -517.1504 -519.2766 -521.1613 

13.0 -478.4585 -506.4395 -516.3698 -522.5489 -527.0470 -530.5867 -533.5059 -535.9904 -538.1533 -540.0685 

13.5 -485.6289 -521.8843 -533.5224 -540.3346 -545.1706 -548.9239 -551.9925 -554.5885 -556.8387 -558.8248 

Table 7-2. Calculated redox potential (in mV vs. SHE) of polysulfide solution with 2 M S and different S2- 

concentration at set pH value. 

pH S2- (M) 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

10.5 -401.7597 -423.0059 -431.9456 -437.6874 -441.9254 -445.2862 -448.0713 -450.4496 -452.5250 -454.3660 

11.0 -419.8491 -441.5387 -450.5610 -456.3423 -460.6050 -463.9834 -466.7821 -469.1714 -471.2559 -473.1048 

11.5 -438.0051 -460.1295 -469.2326 -475.0530 -479.3405 -482.7368 -485.5495 -487.9502 -490.0443 -491.9015 

12.0 -456.1158 -478.7438 -487.9403 -493.8063 -498.1231 -501.5405 -504.3698 -506.7840 -508.8897 -510.7570 

12.5 -473.8678 -497.3046 -506.6434 -512.5770 -516.9361 -520.3840 -523.2368 -525.6703 -527.7923 -529.6736 

13.0 -490.2072 -515.5890 -525.2238 -531.2892 -535.7271 -539.2295 -542.1234 -544.5895 -546.7385 -548.6429 

13.5 -500.4856 -532.8320 -543.2846 -549.6819 -554.3066 -557.9319 -560.9145 -563.4490 -565.6528 -567.6026 
 

  

Figure 7-14. (a) Redox potential distribution based on Table 7-1; (b) redox potential distribution based on 

Table 7-2. 

For the fabrication of the solar cell in this study, the polysulfide solution was made of 2 M S and 2 M 

sulfide with a pH value of 13.5. The corresponding potential is calculated to be -532 mV vs. SHE (refer 

(a) (b) 

pH
 

pH
 

S2- (M) S2- (M) 
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to Table 7-2), which is -3.97 V relative to the vacuum level. Meanwhile, the band edge position of 

TiO2 can be obtained from literature. The conduction band edge of TiO2 is identified to be -4.35 V at 

pH=1 as stated in the reference 17. It is estimated to shift upward to -3.61 V in the prepared 

polysulfide solution according to the Nernst equation. The difference between the redox potential of 

polysulfide solution and the conduction band of TiO2 based on the above calculation is only 0.36 V, 

which is the theoretical maximum output of VOC under the experimental condition. Actually the 

theoretical maximum VOC in different polysulfide solutions based on Table 7-1 and Table 7-2 has also 

been calculated. The results are shown in Table 7-3 and Table 7-4, which reveal the theoretical 

maximum VOC is between 0.26 V and 0.40 V when the S concentration is between 1-2 M, the /  

ratio is between 0.5-2.0 and pH of the solution is in the range of 10.5-13.5. 

Table 7-3. Calculated theoretical maximum VOC (in V) in polysulfide solution with 1 M S and different S2- 

concentration at a certain pH value. 

pH S2- (M) 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

10.5 0.3172 0.2960 0.2870 0.2813 0.2771 0.2737 0.2709 0.2685 0.2665 0.2646 

11.0 0.3287 0.3070 0.2979 0.2921 0.2879 0.2845 0.2817 0.2793 0.2772 0.2754 

11.5 0.3401 0.3179 0.3088 0.3029 0.2986 0.2953 0.2924 0.2900 0.2879 0.2861 

12.0 0.3516 0.3288 0.3196 0.3137 0.3094 0.3060 0.3031 0.3007 0.2986 0.2967 

12.5 0.3639 0.3399 0.3305 0.3245 0.3201 0.3166 0.3138 0.3113 0.3092 0.3073 

13.0 0.3795 0.3516 0.3416 0.3355 0.3310 0.3274 0.3245 0.3220 0.3198 0.3179 

13.5 0.4019 0.3656 0.3540 0.3472 0.3423 0.3386 0.3355 0.3329 0.3307 0.3287 

Table 7-4. Calculated theoretical maximum VOC (in V) in polysulfide solution with 2 M S and different S2- 

concentration at a certain pH value. 

pH S2- (M) 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

10.5 0.3087 0.2875 0.2786 0.2728 0.2686 0.2652 0.2624 0.2601 0.2580 0.2561 

11.0 0.3202 0.2985 0.2894 0.2837 0.2794 0.2760 0.2732 0.2708 0.2687 0.2669 

11.5 0.3315 0.3094 0.3003 0.2944 0.2902 0.2868 0.2840 0.2815 0.2795 0.2776 

12.0 0.3429 0.3203 0.3111 0.3052 0.3009 0.2975 0.2946 0.2922 0.2901 0.2882 

12.5 0.3546 0.3312 0.3219 0.3159 0.3116 0.3081 0.3053 0.3028 0.3007 0.2988 

13.0 0.3678 0.3424 0.3328 0.3267 0.3223 0.3188 0.3159 0.3134 0.3113 0.3094 

13.5 0.3870 0.3547 0.3442 0.3378 0.3332 0.3296 0.3266 0.3241 0.3218 0.3199 
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The theoretical maximum VOC can be obtained only when recombinations are suppressed and no 

overpotential exists on the counter electrode for the reduction of polysulfide ions and the 

conduction band of Bi2S3 has an ideal position which favours electron injection from Bi2S3 to TiO2. 

The conduction band edge of TiO2 has been estimated as discussed previously, but the band edge of 

Bi2S3 in polysulfide solution is not well defined in the literature with only two relevant papers having 

been found. Peter found the flat band potential of anodic Bi2S3 film in 1 M Na2S solution was 

estimated to be between -0.8 V to -0.9 V vs. normal hydrogen electrode (NHE) 3, which is close to the 

flat band potential found in another reference 18, -1.1 V vs. Ag/AgCl in 1 M , 1 M  and 0.01 

M S. The conduction band edge of Bi2S3 is then taken as -0.9 V vs. SHE, which is -3.6 V relative to 

vacuum level. In this case, the conduction band edge of Bi2S3 is almost the same as that of TiO2 as 

summarized in Table 7-5 and plotted in Figure 7-15, which means electron injection from Bi2S3 to 

TiO2 is unlikely because of insufficient potential offset between the two. In other words, Bi2S3 cannot 

sensitize TiO2 and the operation of the solar cell fails. This obviously contradicts the fact that 

reasonable IPCE has been observed for the photoanode under visible illumination (Figure 7-9) and 

J-V curve of the solar cell has been obtained (Figure 7-13). The problem very likely lies in an 

inappropriate assumption of the energy of conduction band edge of Bi2S3 as -3.6 V, because the 

composition of polysulfide used in this work is different from that in the reference. As revealed in 

literature 19, the flat band potential of metal sulfides changes as  concentration varies. This 

should be the same for Bi2S3 and thus its flat band potential should shift away from -3.6 V. The 

successful operation of the fabricated solar cell suggests the conduction band edge of the Bi2S3 is 

actually higher (relative to vacuum level) than that of TiO2, yet its exact position is still unknown and 

more investigation is needed. However, it is noted the conduction band edge of Bi2S3 is generally 

lower than that of CdS, which may explain the inherent disadvantage of Bi2S3 as a sensitizer in terms 

of energetic matching. More work is needed to adjust and optimize the relative band edge positions 

of TiO2/Bi2S3/polysulfide with the aim of achieving a large VOC as well as an effective electron 

injection from Bi2S3 to TiO2.  
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Table 7-5. Summary of the energy levels of different components in the solar cell. 

Component Potential Data Source 

TiO2 CB -3.61 V 
Reference 17 + calculation based on the pH of the 

electrolyte by using Nernst equation 

Bi2S3 CB -3.6 V 
Reference 3,18, but the electrolyte compositions are 

different from this work 

Polysulfide Redox potential -3.97 V 
Computational calculation by rewriting the code from 

reference 16  

 
Figure 7-15. Schematic of band edge positions of TiO2/Bi2S3/polysulfide. 

7.4 Summary 

In conclusion, a facile method has been developed to deposit Bi2S3 nanocrystals on TiO2 thin films 

using an in-situ approach. Bi2S3 nanocrystals generated from the decomposition of pre-deposited 

Bi-organic precursor are homogenously distributed on the surface of TiO2 particles. Element mapping 

on the cross-section of the film reveals the precursor solution could penetrate through the whole 

film. The obtained TiO2-Bi2S3 film has higher ICPE throughout the whole spectral range compared 

with pristine Bi2S3 film, indicating that in-situ generated Bi2S3 nanoparticles are effective sensitizers to 

TiO2 film. It is found the photoanode prepared using the 0.05 M precursor concentration shows 

better photoresponse than the higher concentration solutions, and also increasing the deposition 

cycle decreases the efficiency. Bi2S3 sensitized solar cell is fabricated using the as-prepared TiO2-Bi2S3 

photoanode. The cell exhibits a VOC of 250 mV, a JSC of 2.0 mA cm-2 and a power conversion efficiency 
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of 0.165%. More investigation is needed to clarify and optimize the band edge positions of 

TiO2/Bi2S3/polysulfide. In addition, it is expected that the strategy developed in this chapter can be 

easily applied for the in-situ generation and deposition of other binary sulfides which can be used as 

sensitizer materials. 
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Chapter 8. Conclusions and Outlook 

In this thesis, quaternary CZTS nanocrystals and binary Bi2S3 nanocrystals were prepared by 

solution-based methods and their applications in solar cells were investigated. The aim of this work is 

to check the applicability of low-toxic, earth-abundant and solution-processed nanomaterials in 

photovoltaic applications. 

A hot-injection method was adopted in chapter 3 to synthesize kesterite CZTS nanocrystals using 

elemental sulfur as the sulfur source. The influence of reaction temperature, reaction time and 

precursor ratio on the particle size and distribution, phase and chemical composition of the resulting 

nanocrystals was investigated. Results showed that to prepare kesterite CZTS nanocrystals which had 

a narrow size distribution and a composition close to stoichiometry at the reaction temperature of 

250 oC for 1 hr the initial precursor ratio Cu/Sn = 1.8 and Zn/Sn = 1.2 was required. The as-prepared 

CZTS nanoparticles were then employed as sensitizers for the fabrication of CZTS sensitized TiO2 

photoanodes. The optical and photoelectrochemical properties of the photoanodes were 

investigated. A CZTS sensitized solar cell was made by assembling a TiO2-CZTS photoanode with a CoS 

counter electrode. The cell exhibited a power conversion efficiency of 0.015%. Although this 

efficiency was low, this study showed the possibility of implementing CZTS nanocrystals into 

photoelectrochemical cells as sensitizers.  

In chapter 4, a facile and inexpensive deposition method, spray-coating, was employed to make CZTS 

thin films from nanocrystal suspension. With an aim of fabricating selenium-free thin films, CZTS 

nanocrystal films were annealed in sulfur vapour. The presence of the sulfur vapour greatly 

suppressed the decomposition of CZTS. CZTS thin films were used as photocathodes in DSSCs. The 

highest conversion efficiency of 7.4% was obtained when the thin film annealed at 350 oC was used 

as the photocathode. This study indicated CZTS photocathodes had potential to replace Pt as counter 

electrodes. 

In chapter 5, bullet-shaped wurtzite CZTS nanocrystals were prepared by a hot-injection method in 

which DDT was used as the sulfur source. The changes in particle shape and composition during 
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synthesis were investigated. By adjusting experimental condition, bullet-shaped nanoparticles with a 

narrow size distribution could be prepared. The improved size distribution was related to an 

enhanced reactivity of Sn. Optical spectrum revealed the wurtzite CZTS had a slightly higher bandgap 

than that of the kesterite CZTS. Photoelectrochemical studies showed that wurtzite CZTS nanocrystal 

thin film had an inferior photocurrent response compared with the kesterite CZTS nanocrystal thin 

film.  

With the aim of improving the photoresponse of CZTS nanocrystals, Au nanoparticles were 

introduced in the synthesis and the preparation of Au@wurtzite CZTS core-shell nanoparticles were 

described in chapter 6. The optical spectrum of the core-shell nanoparticles showed a broad 

absorption from CZTS shell extending to the near infrared edge and a peak attributed to the Au 

plasmon resonance. Compared with pristine wurtzite CZTS thin film, Au@CZTS thin films had higher 

IPCE across the entire wavelength range. The Au@CZTS films were also used as photocathodes in 

DSSCs, the maximal conversion efficiency of the cells was 8.1%, which was 22% higher than that of 

an identical cell fabricated with a Pt counter electrode. This study showed incorporation of metal 

nanoparticles into CZTS nanocrystals is one possible approach to improve the photoelectrochemical 

performance of the material. 

In chapter 7, a novel solution-based method was developed for the in-situ deposition of Bi2S3 

nanocrystals on the surface of porous TiO2 thin films. The obtained TiO2-Bi2S3 thin film showed better 

photoresponse across the whole spectrum range relative to the pristine Bi2S3 film according to the 

photoelectrochemical tests, indicating that in-situ generated Bi2S3 nanoparticles were effective 

sensitizers. TiO2-Bi2S3 thin films were employed as photoanodes in SSSCs. The solar cell exhibited a 

power conversion efficiency of 0.165%. It is considered that clarifying and optimizing the band edge 

positions of TiO2/Bi2S3/polysulfide may help to improve performance of the solar cell. 

This study shows CZTS is a promising photocathode material for the photoelectrochemical cells. In 

this thesis, CZTS thin films made from pre-synthesized nanocrystals were successfully employed as 

photocathodes in DSSCs, and the CZTS thin films can also be used in the solid-state devices in the 

future work if a few issues about the film fabrication can be resolved. As shown in chapter 4 and 
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chapter 6, cracks occur in thin films. In order to apply the thin films in the solid-state devices, it is 

necessary to adjust the experimental conditions and make crack-free films to avoid a short circuit. It 

is also important to further investigate the film annealing process with the aim of improving charge 

transport and reducing recombination in the thin films, e.g., in chapter 4, the combustion boat is not 

hermetically sealed and the sulfur vapour pressure inside constantly decreases during annealing. This 

condition can be changed by using a sealed ampoule and the quality of the resulting CZTS films may 

be improved. 

This work also proved the feasibility of using CZTS and Bi2S3 nanocrystals as sensitizer materials, but 

due to the limited time and insufficient knowledge of device engineering both the device fabrication 

technique and the device components were not optimized and the efficiency of the corresponding 

SSSCs were relatively low. To improve the conversion efficiency of SSSCs, the following aspects need 

to be considered. First, the photoanode fabrication should be optimized, e.g., the thickness and 

porosity of TiO2 thin films need to be adjusted in each case when CZTS or Bi2S3 nanocrystals were 

used as sensitizers because the average particle size and the sensitizer deposition method vary in 

each case; surface passivation, such as overcoating a blocking layer on the surface of photoanode 

may help reduce recombination. Second, the composition of electrolyte needs to be optimized when 

a different semiconductor is used as the sensitizer. Polysulfide is employed as the electrolyte in SSSCs 

in this work. As revealed by the calculation in chapter 7, the redox potential of polysulfide is not a 

fixed value but changes as the chemical composition of solution varies. It is important to optimize 

the energy diagram of TiO2/sensitizer/polysulfide to achieve efficient charge carrier injection and 

also maintain reasonable open circuit voltage. Third, the fabrication technique of CoS counter 

electrode should be optimized. CoS is proved to be a suitable counter electrode material in 

polysulfide electrolyte in the literature, but the electrocatalytic property of a material is also 

associated with the processing as well as the amount of the material. It is important to reduce the 

charge-transfer resistance at the interface of counter electrode and electrolyte to achieve a high fill 

factor of the J-V curve.  

 



Appendix 

171 

 

Appendix 1 

Electromagnetic modelling for calculating absorption efficiency for a 15 nm diameter Au 

sphere embedded in wurtzite CZTS. The resulting data are potted in Figure 6-9a in chapter 

6. The modelling was carried out by Dr. Anthony Centeno. 

Electromagnetic modelling was carried out using the Finite Difference code MEEP 1. The analysis 

consisted of calculating the absorption and scattering efficiency 2 between 350 nm and 1 μm, for a 15 

nm diameter Au sphere surrounded by CZTS, using both the Finite Difference Time Domain (FDTD) 

and Frequency Domain (FDFD) solvers available in MEEP. 

The dielectric function for Au can be described using a Drude-Lorentz model, with one Drude term 

and five Lorentz terms in the summation 2. The dielectric function for CZTS can be described using a 

three Tauc-Lorentz oscillator model 3. Whilst the Drude-Lorentz model is implemented and has been 

extensively used, the Tauc-Lorentz model, unfortunately, has yet to be realized in the FDTD code. For 

wavelengths longer 600 nm the CZTS was modelled with real dielectric constant of 6 and a single 

FDTD calculation was carried out.  

Below 600 nm a number of FDFD calculations were performed since the absorption of CZTS becomes 

significant and so the complex part of the permittivity cannot be ignored. Between 350 nm and 600 

nm the complex permittivity of Au was calculated from the Drude-Lorentz model. For CZTS the real 

and imaginary parts of dielectric constant at 300 K were taken from the results presented by Li et al 3. 

The complex permittivities were then used in the FDFD solver used to find the absorption and 

scattering efficiency. The complex part of the dielectric functions was simulated by setting an 

equivalent conductivity for both Au and CZTS at the wavelength of calculation. FDFD calculations 

were carried out for fifty wavelengths between 350 nm and 600 nm and combined with the FDTD 

calculations, for 15 nm diameter Au spheres embedded in CZTS, to produce Figure 6-9a in Chapter 6. 
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Appendix 2 

Part 1. Coding for calculating redox potential of polysulfide solutions with different 

chemical compositions. The resulting data are shown in Table 7-1 and Table 7-2. The code 

was written by Mr. Marc Coury using Python. 

#!/usr/bin/env python 
# -*- coding: utf-8 -*- 
 
import numpy 
from xuemei_class import * 
 
filename="xuemei_data" 
 
prec = 5 
number_vars=6 
# Equilibrium constants from Giggenbach 
par=numpy.zeros((7), numpy.float64) 
par[4] = 2.0*10**(-4) 
par[5] = 1.8*10**(-2) 
par[6] = 4.0*10**5 
# Get sodium sulfide concentration, final pH and sulfur concentration 
par[0]=1.0 
par[2]=0.1001 
par[3]=1.0 
 
hydroxide_conc = [10**(-3.5)*10**(i*0.5) for i in range(7)] 
print hydroxide_conc 
pH=[-math.log10(10**(-14)/hydroxide_conc[ii]) for ii in range(7)] 
print pH 
Svals=[1.0,2.0] 
Evals=numpy.zeros((7,10),numpy.float64) 
 
# Calculate this for two values of S, i.e. par[3] 
for ii in range(len(Svals)): 
    par[3]=Svals[ii] 
    sulphur_conc = [i*0.5*Svals[ii] for i in range(1,11)] 
    print "S = "+str(par[3]) 
    print "sulphur ion conc = ",sulphur_conc 
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    # Loop over par[0] (sulphur concentration) and par[2] the acidity 
    for ss in range(len(sulphur_conc)): 
        for hh in range(len(hydroxide_conc)): 
            xval_file = 
"xvals_pH_"+str(pH[hh])+"_Smol_"+str(Svals[ii])+"_S_ion_"+str(sulphur_conc[ss])+".txt" 
            par[0] = sulphur_conc[ss] 
            par[2] = hydroxide_conc[hh] 
            # update par[0] and par[1] using par[0] and par[2] 
            par[0],par[1] = par0par1(par) 
            # Initial guesses 
            x0=numpy.zeros((number_vars), numpy.float64) 
            x0[0] = par[3] 
            x0[1] = 0.0 
            x0[2] = 0.0 
            x0[3] = par[3]/3. 
            x0[4] = 0.0 
            x0[5] = 0.5*par[3] 
    #        print x0 
            opt = Optimization1() 
            opt.par = par 
            opt.initialize(Nvars=number_vars, Ncons=0, Neq=number_vars, 
bounds=[(0,None),(0,None),(0,None),(0,None),(0,None),(0,None)], tolf=1e-16, told=1e-8, tolx=1e-8, 
maxIter=10000) 
            x, igo = opt.solve(x0) 
    #        print x 
            with open(xval_file, 'w') as f: 
                for jj in range(6): 
                    f.write("x["+str(jj)+"] = "+str(round(x[jj],4))+"\n") 
            Evals[hh,ss] = calculate_E(x,par) 
    # writeResults(x,par,prec) 
     
     
    # Print the data out 
    Xuemeis_table_format(sulphur_conc,pH,Evals) 
    # write data to file 
    Xuemeis_table_file(filename+"_S_"+str(par[3])+".txt",sulphur_conc,pH,Evals) 
    # write data to latex 
    Xuemeis_table_latex(filename+"_S_"+str(par[3])+".tex",sulphur_conc,pH,Evals) 
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Part 2. Coding for plotting Figure 7-13 according to the data in Table 7-1 and Table 7-2. The 

code was written by Mr. Marc Coury using Python. 

#!/usr/bin/env python 
# -*- coding: utf-8 -*- 
import matplotlib 
matplotlib.use('Agg') 
import matplotlib.pyplot as plt 
from matplotlib import cm 
import numpy as np 
from xuemei_class import * 
 
Name_colormesh = "E_colormesh" 
 
number_decimals = 12 
 
sulphur_ion_numsteps = 100 
sulphur_ion_min = 0.5 
sulphur_ion_max = 5 
pH_numsteps = 100 
pH_min = 10.5 
pH_max = 13.5 
pH_vec, pH_step = np.linspace(pH_min, pH_max, pH_numsteps, retstep=True) 
 
print "pH_vec  = ", pH_vec 
print "pH_step = ", pH_step 
 
pOH_vec = 14.0-pH_vec 
# print "pOH_vec = ", pOH_vec 
OH_vec = 10**(-pOH_vec) 
print "OH_vec = ", OH_vec 
 
prec = 5 
number_vars=6 
# Equilibrium constants from Giggenbach 
par=np.zeros((7), np.float64) 
par[4] = 2.0*10**(-4) 
par[5] = 1.8*10**(-2) 
par[6] = 4.0*10**5 
# Get sodium sulfide concentration, final pH and sulfur concentration 
par[0]=1.0 
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par[2]=0.1001 
par[3]=1.0 
 
# hydroxide_conc = [10**(-(14-pH_min))*10**(i*pH_step) for i in range(pH_numsteps)] 
# print "Hydroxide concentration = ", hydroxide_conc 
# pH=[-math.log10(10**(-14)/hydroxide_conc[ii]) for ii in range(pH_numsteps)] 
# print "pH = ", pH 
 
Svals=[1.0,2.0] 
Evals=np.zeros((sulphur_ion_numsteps-1,pH_numsteps-1),np.float64) 
 
# Calculate this for two values of S, i.e. par[3] 
for ii in range(len(Svals)): 
    par[3]=Svals[ii] 
    # sulphur_ion_conc = [i*0.5*Svals[ii] for i in range(1,sulphur_ion_numsteps)] 
    # s_min = min(sulphur_ion_conc) 
    # s_max = max(sulphur_ion_conc) 
    # #s_step = (s_max-s_min)/(len(sulphur_ion_conc)-1) 
    # s_step = (s_max-s_min)/(len(sulphur_ion_conc)-1) 
    # print "sulphur_ion_conc = ", sulphur_ion_conc 
 
    sulphur_ion_conc, sulphur_ion_step = np.linspace(sulphur_ion_min*Svals[ii], 
sulphur_ion_max*Svals[ii], sulphur_ion_numsteps, retstep=True) 
    print "sulphur_ion_conc = ", sulphur_ion_conc 
    print "sulphur_ion_step = ", sulphur_ion_step 
 
    print "\n\n\n pH_max = ", pH_max, "; pH_max+pH_step = ", pH_max+pH_step 
    print "sulphur_ion_max*Svals[ii] = ", sulphur_ion_max*Svals[ii], "; 
sulphur_ion_max*Svals[ii]+sulphur_ion_step = ", sulphur_ion_max*Svals[ii]+sulphur_ion_step 
 
    y_range, x_range = np.mgrid[slice(pH_min, pH_max+round(pH_step, number_decimals), 
round(pH_step, number_decimals)),  
                slice(sulphur_ion_min*Svals[ii], sulphur_ion_max*Svals[ii]+sulphur_ion_step, 
sulphur_ion_step)] 
    print "x: " 
    print x_range 
    print "y: " 
    print y_range 
    print "grid dimensions: ", y_range.shape 
    print "S = "+str(par[3]) 
    # Loop over par[0] (sulphur_ion concentration) and par[2] the acidity 
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    for ss in range(len(sulphur_ion_conc)-1): 
        for hh in range(len(OH_vec)-1): 
            Evals[ss,hh] = optimize_and_calculate_E(par, round(sulphur_ion_conc[ss], 
number_decimals), round(OH_vec[hh], number_decimals), number_vars) 
    Eval_min, Eval_max = Evals.min(), Evals.max() 
    print "Eval dimensions: ", Evals.shape 
     
    print "Eval matrix:",Evals 
    # print a 3d plot of the E surface 
    fig = plt.figure() 
    ax = fig.add_subplot(111) 
    im = ax.pcolormesh(x_range,y_range,Evals,cmap=cm.gray,vmin=Eval_min,vmax=Eval_max) 
    cbar = fig.colorbar(im) 
    ax.set_xlabel(r"$S$",fontsize=24) 
    ax.set_ylabel("pH",fontsize=24) 
    ax.set_xlim(sulphur_ion_min*Svals[ii], sulphur_ion_max*Svals[ii]) 
    ax.set_ylim(pH_max, pH_min) 
    fig.savefig(Name_colormesh+str(par[3])+".pdf") 
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Part 3. File ‘xuemei_class’ used in the previous two parts. The code was written by Mr. 

Marc Coury using Python. 

#!/usr/bin/env python 
# -*- coding: utf-8 -*- 
 
from pydqed import DQED 
import math 
import numpy 
import unittest 
import subprocess 
 
# Calculate amount of hydrogen sulfide to add to a sodium sulfide-sulfur 
# solution to get a given final pH 
# Also calculate distribution of polysulfide ions, average polysulfide 
# chain length and sulfur to sulfide ratio 
 
 
 
""" 
Concentration of Na ions is twice that of sodium sulfide 
Calculate hydrogen ion concentration 
""" 
def par0par1(par): 
    # return par[0] and par[1] after they are updated 
    return 2.0*par[0], 1.0*10**(-14)/par[2] 
 
def fcn(x,par,number_vars): 
    f = numpy.zeros((number_vars), numpy.float64) 
    f[0] = par[0]+par[1]-par[2]-x[0]-2.*(x[1]+x[2]+x[3]+x[4]) 
    f[1] = par[3]-x[1]-2.*x[2]-3.*x[3]-4.*x[4] 
    f[2] = par[0]/2.+x[5]-x[0]-x[1]-x[2]-x[3]-x[4] 
    f[3] = par[4]*x[2]*x[0]*par[2]-x[1]*x[1] 
    f[4] = par[5]*x[3]*x[3]*x[0]*par[2]-x[2]*x[2]*x[2] 
    f[5] = par[6]*x[4]*x[4]*x[4]*x[0]*par[2]-x[3]*x[3]*x[3]*x[3] 
    return f 
 
def fcnDeriv(x,par, number_vars): 
    J = numpy.zeros((number_vars, number_vars), numpy.float64) 
    J[0,0] = -1.0 
    J[0,1] = -2.0 
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    J[0,2] = -2.0 
    J[0,3] = -2.0 
    J[0,4] = -2.0 
    J[0,5] = 0.0 
    J[1,0] = 0.0 
    J[1,1] = -1.0 
    J[1,2] = -2.0 
    J[1,3] = -3.0 
    J[1,4] = -4.0 
    J[1,5] = 0.0 
    J[2,0] = -1.0 
    J[2,1] = -1.0 
    J[2,2] = -1.0 
    J[2,3] = -1.0 
    J[2,4] = -1.0 
    J[2,5] = 1.0 
    J[3,0] = par[4]*x[2]*par[2] 
    J[3,1] = -2.0*x[1] 
    J[3,2] = par[4]*x[0]*par[2] 
    J[4,0] = par[5]*x[3]*x[3]*par[2] 
    J[4,2] = -3.0*x[2]*x[2] 
    J[4,3] = 2.0*par[5]*x[3]*x[0]*par[2] 
    J[5,0] = par[6]*x[4]*x[4]*x[4]*par[2] 
    J[5,3] = -4.0*x[3]*x[3]*x[3] 
    J[5,4] = 3.0*par[6]*x[4]*x[4]*x[0]*par[2] 
    return J 
 
def writeResults(x,par,prec): 
    print ' Sodium Sulfide added = '+str(round(par[0]/2.0,prec))+'\t Sulfur added = 
'+str(round(par[3],prec))+'\t pH = '+str(round(-numpy.log10(par[1]),prec)) 
    print ' Hydrogen Sulfide needed = '+str(round(x[5],prec)) 
    print ' Sulfur to Sulfide ratio = '+str(round(par[3]/x[0],prec)) 
    avgn=(x[1]+2.*x[2]+3.*x[3]+4.*x[4])/(x[1]+x[2]+x[3]+x[4]) 
    print ' Average.Polysulfide.Chain.Length = '+str(round(avgn+1.0,prec)) 
    print ' Distribution of Polysulfide Ions \t Polysulfide Ion \t moles/liter\t Percent of Sulfur' 
    print ' disulfide \t' +str(round(x[1],prec))+"\t"+str(round(x[1]*100.0/par[3],prec))+'\t trisulfide 
'+str(round(x[2],prec))+"\t"+str(round(x[2]*200./par[3],4)) 
    print ' tetrasulfide \t'+str(round(x[3],4))+"\t" + str(round(300.0*x[3]/par[3],4))+'\t pentasulfide ' 
+str(round(x[4],4))+"\t"+str(round(400.0*x[4]/par[3],4)) 
 
# Print results to screen as a table 
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def Xuemeis_table_format(sulphur_conc,pH,data): 
    row_format ="{:>15}" * (len(sulphur_conc) + 1) 
    print row_format.format("", *sulphur_conc) 
    for acidity, row in zip(pH, data): 
        print row_format.format(acidity, *row) 
 
# Print results to tab delimited file 
def Xuemeis_table_file(filename,sulphur_conc,pH,data): 
    with open(filename,'w') as file: 
        myline = [""]+sulphur_conc 
        for item in myline: 
            file.write(str(item)+"\t") 
        file.write("\n") 
        for ii in range(len(pH)): 
            file.write(str(pH[ii])+"\t") 
            for item in data[ii][:]: 
                file.write(str(item)+"\t") 
            file.write("\n") 
 
# Print results to a latex table 
def Xuemeis_table_latex(filename,sulphur_conc,pH,data): 
    with open(filename,'w') as file: 
        latex_preamble="\documentclass[a4,10pt]{article} \n 
\usepackage[landscape,margin=1.5cm]{geometry} \n \\begin{document} \n" 
        file.write(latex_preamble) 
        begin_table="\\begin{tabular} {c|" 
        for ii in range(len(sulphur_conc)): 
            begin_table+="c" 
        begin_table+="} \n" 
        file.write(begin_table) 
        # write titles of the table 
        myline = [""]+sulphur_conc 
        # write up to the penultimate item 
        for item in myline[:-1]: 
            file.write(str(item)+"\t & \t") 
        # now write the last item 
        file.write(str(myline[-1]) + r"\\"+"\n \hline \n") 
        # write out the data 
        for ii in range(len(pH)): 
            file.write(str(pH[ii])+"\t & \t") 
            # write up to the penultimate item 



Appendix 

 

181 

 

            for item in data[ii][:-1]: 
                file.write(str(round(item,4))+"\t & \t") 
            # now write the last item 
            file.write(str(round(data[ii][-1],4))+r" \\"+"\n") 
        end_table = "\end{tabular} \n" 
        file.write(end_table) 
        latex_end = "\end{document}" 
        file.write(latex_end) 
        # Compile the latex file separately! 
        # pdflatex filename 
        #latex_error = subprocess.check_output("pdflatex "+filename,shell=True) 
        #print latex_error 
         
 
def calculate_E(x,par): 
    E = -536-4.08*math.log(x[0]**4*par[2]**4/x[3]) 
    return E 
 
 
def optimize_and_calculate_E(par, sulphur_conc, hydroxide_conc, number_vars): 
    par[0] = sulphur_conc 
    par[2] = hydroxide_conc 
    # update par[0] and par[1] using par[0] and par[2] 
    par[0],par[1] = par0par1(par) 
    # Initial guesses 
    x0=numpy.zeros((number_vars), numpy.float64) 
    x0[0] = par[3] 
    x0[1] = 0.0 
    x0[2] = 0.0 
    x0[3] = par[3]/3. 
    x0[4] = 0.0 
    x0[5] = 0.5*par[3] 
    opt = Optimization1() 
    opt.par = par 
    opt.initialize(Nvars=number_vars, Ncons=0, Neq=number_vars, 
bounds=[(0,None),(0,None),(0,None),(0,None),(0,None),(0,None)], tolf=1e-16, told=1e-8, tolx=1e-8, 
maxIter=10000) 
    x, igo = opt.solve(x0) 
    Eval = calculate_E(x,par) 
    return Eval 
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class Optimization1(DQED): 
    """ 
    A simple optimization of the functions provided. 
 
    Note that to use this class, it has to be given the par variable, i.e. 
        opt = Optimization1() 
        opt.par = par 
    """ 
    def evaluate(self, x): 
        Neq = self.Neq; Nvars = self.Nvars; Ncons = self.Ncons 
        #print self.par 
        f = fcn(x,self.par,Nvars) 
        J = fcnDeriv(x,self.par,Nvars) 
        fcons = numpy.zeros((Ncons), numpy.float64) 
        Jcons = numpy.zeros((Ncons, Nvars), numpy.float64) 
 
         
        return f, J, fcons, Jcons 
 
 
 
# class DQEDCheck(): 
#     """ 
#     Contains unit tests of the DASSL wrapper. 
#     """ 
     
#     def test1c(self): 
#         """ 
#         Test the optimization of f(x) = (x - 100)^4 with a lower bound. 
#         """ 
#         # Equilibrium constats from Giggenbach 
#         par=numpy.zeros((7), numpy.float64) 
#         par[4] = 2.0*10**(-4) 
#         par[5] = 1.8*10**(-2) 
#         par[6] = 4.0*10**5 
#         # Get sodium sulfide concentration, final pH and sulfur concentration 
#         par[0]=1.0 
#         par[2]=1.0 
#         par[3]=1.0 
#         # update par[0] and par[1] using par[0] and par[2] 
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#         par[0],par[1] = par0par1(par) 
#         # Initial guesses 
#         x0=numpy.zeros((number_vars), numpy.float64) 
#         x0[0] = par[3] 
#         x0[1] = 0.0 
#         x0[2] = 0.0 
#         x0[3] = par[3]/3. 
#         x0[4] = 0.0 
#         x0[5] = 0.5*par[3] 
 
#         print x0 
#         opt = Optimization1() 
#         opt.initialize(Nvars=number_vars, Ncons=0, Neq=number_vars, 
bounds=[(0,None),(0,None),(0,None),(0,None),(0,None),(0,None)], tolf=1e-16, told=1e-8, tolx=1e-8, 
maxIter=100) 
#         x, igo = opt.solve(x0) 
#         print x 
#         writeResults(x,par) 
        #self.assertTrue(igo in [2,4,6,7], 'Unexpected return status %i from DQED' % igo) 
        #self.assertAlmostEqual(x[0] / 100.0, 1.0, 5) 
 
 
# if __name__ == '__main__' : 
#     DQEDCheck().test1c() 
 
 


