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Supervisor: Arumugam Manthiram 

 

The goal of renewable solar energy research is to develop low-cost, high-

efficiency photovoltaic technologies. However, with the growing deployment of solar 

cells, approaching the terawatt scale, absorber materials reliant upon rare or unfriendly 

elements become a crucial issue. Thus, the primary objective of this dissertation is the 

development of a low-cost fabrication method for (i) thin-film solar cells and (ii) dye-

sensitized solar cells using earth-abundant materials. 

 In thin-film solar cells, the kesterite Cu2ZnSnS4 with earth abundant elements is 

used as an absorber layer. It possesses a high absorption coefficient, direct band gap, and 

good long-term stability compared to the traditional CdTe and Cu(In,Ga)(S,Se)2 (CIGS) 

absorber layers. A facile hot-injection approach for synthesizing Cu2ZnSn(S,Se)4 

nanocrystals with varied Se to (S+Se) ratio is developed to systematically investigate the 

role of Se in Cu2ZnSn(S,Se)4 nanocrystals and the evolution of Cu2ZnSn(S,Se)4 

nanocrystals to Cu2ZnSn(S,Se)4 film during the sulfurization step to address the problems 

associated with its narrow compositional window and the loss of Sn during heat 

treatment. Additionally, the existing substrate-type device configuration for these solar 

cells uses a molybdenum (Mo) back contact, which suffers from serious disadvantages 
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like the (i) presence of a Schottky barrier at the Mo/Cu2ZnSn(S,Se)4 interface and (ii) 

decomposition of Cu2ZnSn(S,Se)4 at the Mo interface. Accordingly, a low-cost and Mo-

free superstrate-type device configuration of Au/Cu2ZnSn(S,Se)4/CdS/TiO2/ITO/glass is 

developed to evaluate the conversion efficiency and to avoid the occurrence of a Schottky 

barrier at the interface and potential decomposition pathways induced by the formation of 

Mo(S,Se)2. Furthermore, with the addition of ethyl cellulose, the loss of Sn associated 

with the conversion of CZTSe to CZTSSe during the grain growth process is mitigated, 

leading to an increase in the conversion efficiency compared to that of the precursor film 

without using ethyl cellulose. Such an improvement can provide insight into the grain 

growth of CZTSSe during the sulfurization process and thereby enhance the feasibility of 

sustainable, high efficiency CZTSSe solar devices. 

The excellent characteristics of dye-sensitized solar cells (DSSCs) with short 

energy-payback time, simple assembly, and eco-friendly features make them a potential 

option to utilize solar energy. Accordingly, a facile, low-cost, template-free route for 

TiO2 hollow submicrospheres embedded with SnO2 nanobeans is developed for use as a 

versatile scattering layer in DSSCs. Our designed structure simultaneously promotes dye 

adsorption, light harvesting, and electron transport, leading to a 28 % improvement in the 

conversion efficiency as compared with the film-based SnO2. In addition, a naturally-

derived carbonaceous material as a Pt-free counter electrode for DSSCs is also developed 

for the first time: carbonized sucrose-coated eggshell membrane (CSEM). It is found that 

the carbonized sucrose-coated eggshell membranes consist of unique micropores of less 

than 2 nm, which effectively catalyze the triiodide into iodide in the light-electricity 

conversion process, leading to an improvement in the Voc and a competitive efficiency as 

compared to that of a DSSC with a traditional Pt-based counter electrode. 



 ix 

Table of Contents 

List of Tables ....................................................................................................... xiii 

List of Figures ...................................................................................................... xiv 

Chapter 1: Introduction ............................................................................................1 

1.1 Types of solar cells ...................................................................................1 

1.1.1 Thin-film solar cells ......................................................................2 

1.1.2 Operation principles of thin-film solar cells .................................3 

1.1.3 Earth-abundant material ................................................................6 

1.1.3.1 Sputtering techniques ........................................................6 

1.1.3.2 Co-evaporation techniques................................................7 

1.1.3.3 Electrochemical deposition techniques .............................7 

1.1.3.4 Pure solution methods .......................................................8 

1.1.3.5 Nanoparticle-based methods .............................................9 

1.1.3.6 Hybrid particle–solution methods .....................................9 

1.1.4 Cd-free buffer layer .....................................................................10 

1.2 Dye-Sensitized Solar Cells (DSSCs) ......................................................11 

1.2.1 Operation principles of DSSC ....................................................11 

1.2.2 Counter electrode ........................................................................12 

1.2.2.1 Platinum ..........................................................................13 

1.2.2.2 Carbon materials .............................................................14 

1.2.2.3 Polymers .........................................................................14 

1.2.2.4 Binary metal compounds ................................................15 

1.2.2.5 Nitrides ............................................................................15 

1.2.2.6 Sulfides ...........................................................................15 

1.2.2.7 Phosphides ......................................................................16 

1.2.2.8 Selenides .........................................................................16 

1.2.2.9 Tellurides ........................................................................17 

1.2.2.10 Multiple compounds .....................................................17 

1.2.2.11 Composite materials ......................................................17 



 x 

1.2.3 Photoanodes ................................................................................18 

1.2.4 Electrolyte ...................................................................................19 

1.2.5 Organic dyes ...............................................................................20 

1.3 Objectives of this dissertation .................................................................20 

Chapter 2: General experimental procedures .........................................................22 

2.1 MATERIALS SYNTHESIS ...................................................................22 

2.2 MATERIALS CHARACTERIZATION TECHNIQUES ......................22 

2.2.1 X-ray diffraction .........................................................................22 

2.2.2 Scanning electron microscopy and Energy dispersive X-ray 
spectroscopy ................................................................................22 

2.2.3 Transmission electron microscopy .............................................23 

2.2.4 Raman microscopy ......................................................................23 

2.2.5 UV-Vis-NIR ................................................................................23 

2.2.6 Surface area and pore-size measurements ..................................23 

2.2.7 Thermogravimetric analysis (TGA) ............................................24 

2.3 ELECTROCHEMICAL CHARACTERIZATION ................................24 

2.3.1 Electrochemical impedance spectroscopy ..................................24 

2.3.2 Cyclic voltammetry .....................................................................24 

2.4 SOLAR CELL TESTING .......................................................................24 

Chapter 3: Low-cost, Mo(S,Se)2-free superstrate-type solar cells fabricated with 
tunable band gap Cu2ZnSn(S1-xSex)4 nanocrystal-based inks and the effect of 
sulfurization ..................................................................................................26 

3.1 Introduction .............................................................................................26 

3.2 Experimental ...........................................................................................30 

3.2.1 Synthesis of Cu2ZnSn(S1-xSex)4 nanocrystals .............................31 

3.2.2 Fabrication of devices .................................................................31 

3.2.3 Characterization of Materials ......................................................32 

3.3 Results and discussion ............................................................................32 

3.4 Conclusions .............................................................................................41 



 xi 

Chapter 4: Low-cost CZTSSe solar cells fabricated with low band gap CZTSe 
nanocrystals, environmentally friendly binder, and non-vacuum processes 43 

4.1 Introduction .............................................................................................43 

4.2 Experimental ...........................................................................................45 

4.2.1 Synthesis of Cu2ZnSnSe4 nanocrystals .......................................45 

4.2.2 Fabrication of solar devices ........................................................45 

4.2.3 Characterization of Materials ......................................................46 

4.3 Results and discussion ............................................................................47 

4.4 Conclusions .............................................................................................64 

Chapter 5: Template-free TiO2 hollow microspheres embedded with SnO2 nanobeans 
as a versatile scattering layer for dye-sensitized solar cells ..........................65 

5.1 Introduction .............................................................................................65 

5.2 Experimental ...........................................................................................66 

5.2.1 Synthesis of SnO2 .......................................................................66 

5.2.2 Synthesis of TiO2 hollow submicrospheres ................................67 

5.2.3 Synthesis of nanobean SnO2-embedded TiO2 hollow 
submicrospheres ..........................................................................67 

5.2.4 Assembly of DSSCs ....................................................................69 

5.2.5 Characterization of Materials ......................................................70 

5.3 Results and discussion ............................................................................71 

5.4 Conclusions .............................................................................................82 

Chapter 6: Carbonized eggshell membranes as a natural and abundant counter 
electrode for efficient dye-sensitized solar cells ...........................................83 

6.1 Introduction .............................................................................................83 

6.2 Experimental ...........................................................................................84 

6.2.1 Preparation of the counter electrode ...........................................84 

6.2.2 Preparation of TiO2 photoanode .................................................85 

6.2.3 Assembly of DSSCs ....................................................................85 

6.2.4 Materials characterization ...........................................................86 

6.3 Results and discussion ............................................................................86 

6.4 Conclusions .............................................................................................98 



 xii 

Chapter 7: Summary ..............................................................................................99 

Appendix: List of Publications ............................................................................102 

References ............................................................................................................103 

Vita........................................................................................................................116 



 xiii 

List of Tables 

Table 1.1. Summary of three generation solar cells ................................................2 

Table 3.1. Reported efficiencies of Cu2ZnSn(S,Se)4 nanocrystal-based absorbers.41 

Table 4.1. Reported efficiencies of Cu2ZnSn(S,Se)4 nanocrystal-based absorbers.63 

Table 5.1. Photovoltaic and EIS parameters of the cells with different scattering 

materials ............................................................................................80 

Table 6.1. Photovoltaic parameters of DSSCs based on CSEM, CP, and Pt CEs..93 

Table 6.2. Reported efficiencies of DSSCs based on carbonized naturally-derived 

CEs. ...................................................................................................94 



 xiv 

List of Figures 

Figure 1.1. Schematic of the light-electricity conversion in the p-n junction solar cell

.............................................................................................................3 

Figure 1.2. Schematic of (a) CIGS thin-film solar cell, and (b) CdTe thin-film solar 

cell. ......................................................................................................5 

Figure 1.3. Schematic of dye-sensitized solar cell ................................................12 

Figure 3.1. Illustration of solar cells with (a) the conventional substrate-type 

configuration and (b) the new superstrate-type configuration ..........27 

Figure 3.2. (a) Photographs of Cu2ZnSn(S1-xSex)4 nanocrystal solutions with various 

Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0; (b) compositional 

ratios of Cu/Sn, Zn/Sn, and Cu/(Zn+Sn) as a function of Cu2ZnSn(S1-

xSex)4 nanocrystal solution with various Se/(S+Se) ratios of x = 0, 0.27, 

0.52, 0.80, and 1.0; (c) XRD analysis of Cu2ZnSn(S1-xSex)4 nanocrystals 

with various Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0; and (d) 

variations of the lattice constants a and c with x in the Cu2ZnSn(S1-

xSex)4 nanocrystals. ...........................................................................34 

Figure 3.3. (a) Photograph of Cu2ZnSn(S1-xSex)4 solar cells fabricated with our 

superstrate-type architecture. Cross-sectional SEM images of 

Cu2ZnSn(S1-xSex)4 nanocrystals with (b) x = 0, (c) x = 0.27, (d) x = 0.52, 

(e) x = 0.80, and (f) x = 1.0 in the superstrate-type configuration after 

sulfurization. .....................................................................................35 



 xv 

Figure 3.4. (a) compositional ratios of Cu2ZnSn(S1-xSex)4 nanocrystals with various 

Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0 after sulfurization at 

570 oC for 45 min; (b) change in S/(S+Se) and Cu/Sn compositional 

ratios in the Cu2ZnSn(S1-xSex)4 nanocrystals with various Se/(S+Se) 

ratios of x = 0, 0.27, 0.52, 0.80, and 1.0 after sulfurization at 570 oC for 

45 min; (c) conversion efficiency of superstrate-type configuration using 

a series of Cu2ZnSn(S1-xSex)4 nanocrystal precursors; and (d) J - V 

characteristics of the superstrate-type configuration of the Cu2ZnSnSe4 

nanocrystal precursor after sulfurization. .........................................38 

Figure 4.1. (a) XRD patterns of as-synthesized CZTSe nanocrystals, (b) Raman 

spectroscopic analyses of as-synthesized CZTSe nanocrystals, (c) UV-

Vis absorption spectrum of as-synthesized CZTSe nanocrystals, and (d) 

color of the vial containing the CZTSe nanocrystals dispersed in ethanol 

with and without ethyl cellulose after the standing for a period of 5 min, 

12 h, and 24 h. The inset in (c) shows a band gap of 1.05 eV for the as-

synthesized CZTSe nanocrystals, determined by a plot of (αhυ)2 as a 

function of hυ. ...................................................................................48 

Figure 4.2. Plane-view SEM images of CZTSe nanocrystals (a) with ethyl cellulose 

and (b) without ethyl cellulose after sulfurization at 480 oC. Cross-

sectional SEM images of CZTSe nanocrystals (c) with ethyl cellulose 

after sulfurization at 550 oC and (d) without ethyl cellulose after 

sulfurization at 570 oC.. ....................................................................50 



 xvi 

Figure 4.3. (a) TGA plots of ethyl cellulose, (b) Cross-sectional SEM images of 

CZTSe nanocrystals with ethyl cellulose after sulfurization at 480 oC. 

Low magnification plane-view SEM images of CZTSe nanocrystals (c) 

without ethyl cellulose and (d) with ethyl cellulose after sulfurization at 

480 oC. The change in the compositional ratios of (e) S/(S+Se) and (f) 

Sn/Cu in the CZTSe nanocrystals as a function of sulfurization 

temperature. ......................................................................................54 

Figure 4.4. Raman spectroscopic analyses of the CZTSSe films fabricated with the 

CZTSe nanocrystals (a) without ethyl cellulose and (b) with ethyl 

cellulose as a function of sulfurization temperature.. .......................56 

Figure 4.5. XRD patterns of (a) as-prepared CZTSe nanocrystals, and CZTSe 

nanocrystals (b) without ethyl cellulose and (c) with ethyl cellulose after 

the sulfurization at 550 oC on a superstrate-type substrate of 

CdS/TiO2/ITO/soda-lime glass. ........................................................58 



 xvii 

Figure 4.6. (a) Voc of CZTSe nanocrystals with and without ethyl cellulose as a 

function of sulfurization temperature. (b) Jsc of CZTSe nanocrystals with 

and without ethyl cellulose as a function of sulfurization temperature. (c) 

FF of CZTSe nanocrystals with and without ethyl cellulose as a function 

of sulfurization temperature. (d) Conversion efficiency of CZTSe 

nanocrystals with and without ethyl cellulose as a function of 

sulfurization temperature. (e) J - V characteristics of CZTSSe solar 

device with ethyl cellulose after sulfurization at 550 oC as marked by red 

line and without ethyl cellulose after sulfurization at 570 oC as marked 

by black line. The dashed lines correspond to the dark J - V curves. (f) 

Cross-sectional SEM image of CZTSe nanocrystals with ethyl cellulose 

after sulfurization at 550 oC. .............................................................60 

Figure 4.7. The content of (a) Cd, (b) Ti, and (c) In in the CZTSSe as a function of 

sulfurization temperature. .................................................................62 

Figure 5.1. High and low magnification SEM images of SnO2. ...........................68 

Figure 5.2. High and low magnification SEM images of TiO2 hollow 

submicrospheres. ...............................................................................68 

Figure 5.3. High and low magnification SEM images of nanobean SnO2-embedded 

TiO2 hollow submicrospheres. ..........................................................69 

Figure 5.4. 2-D schematic diagram showing the formation of nanobean SnO2-

embedded TiO2 hollow submicrospheres (HS). ................................71 

Figure 5.5. (a) XRD analysis of the TiO2 HS before and after the embedding of SnO2 

nanobeans; (b) STEM line scan analysis and SEM image (inset) of the 

nanobean SnO2-embedded TiO2 HS; and (c) elemental mapping of the 

nanobean SnO2-embedded TiO2 HS. ................................................72 



 xviii 

Figure 5.6. TEM image of (a) the nanobean SnO2-embedded TiO2 HS; (b) high-

magnification TEM image and the SAED patterns (inset) of the 

nanobean SnO2-embedded TiO2 HS; (c) high-resolution TEM images of 

the nanobean SnO2-embedded TiO2 HS; (d) N2 adsorption and 

desorption isotherms of the TiO2 HS before and after the formation of 

SnO2 nanobeans; pore-size distribution of the (e) TiO2 hollow 

microsphere and (f) nanobean SnO2-embedded TiO2 HS. ................74 

Figure 5.7. Cross-sectional SEM image of the bilayer photoanode of SnO2 on the 

nano-sized TiO2 transparent layer. ....................................................76 

Figure 5.8. Cross-sectional SEM image of the bilayer photoanode of TiO2 hollow 

submicrospheres on the nano-sized TiO2 transparent layer. .............77 

Figure 5.9. Cross-sectional SEM image of the bilayer photoanode of nanobean SnO2-

embedded TiO2 hollow submicrospheres on the nano-sized TiO2 

transparent layer. ...............................................................................78 

Figure 5.10. (a) Amount of dye loading, (b) UV-diffuse reflectance, (c) J - V 

characteristics, and (d) Nyquist plot of the DSSCs with different 

scattering layers of SnO2, TiO2 HS, and SnO2-embedded TiO2 HS atop 

the nano-sized TiO2 film. ..................................................................79 

Figure 5.11. The equivalent-circuit diagram of the cell was used to extract the 

parameters of Rs (series resistance), Rcr (charge-recombination 

resistance), and Rct (charge-transfer resistance) ................................81 

Figure 6.1. In-plane SEM images of (a) an eggshell membrane, (b) CSEM, (c) CSEM 

after grinding with a mortar and pestle, and (d) cross-sectional SEM 

image of a CSEM mixed with CP. ....................................................88 

Figure 6.2. Cross-sectional SEM image of CSEM without CP. ...........................89 



 xix 

Figure 6.3. (a) Cyclic voltammetry of CSEM, CP, and Pt at 100 mV s-1, (b) Raman 

spectra of CSEM and CP, (c) nitrogen adsorption-desorption isotherms 

of CSEM and CP, (d) pore-size distributions of CSEM and CP, (e) J-V 

characteristics of DSSCs with CSEM, CP, and Pt CEs, and (f) Nyquist 

plots of CSEM, CP, and Pt CEs. .......................................................92 

Figure 6.4. DSSC device parameters as a function of the ratio of CP: (a) Voc, (b) Jsc, 

(c) FF, and (d) PCE.. .........................................................................95 

Figure 6.5. The resistivity of the counter electrodes as a function of the ratio of CP

...........................................................................................................96 

  



 1 

Chapter  1: Introduction 

1.1 TYPES OF SOLAR CELLS  

With the dramatic growth of the global population to 7 billion in the 21st century, 

the shortage of fossil fuels and the effect of global warming caused by carbon dioxide 

(CO2) emissions from large amounts of fossil fuel combustion become a thorny problem. 

Solar energy possesses the inherent advantages of being a clean, never-exhausted, and 

environmental-friendly resource as well as offering potential for decentralization of 

power production making it the ideal next-generation alternative energy source. A solar 

cell is a photoelectric conversion device that generates electricity out of sunlight when 

under illumination. Since the first silicon solar cell was devised by Daryl Chapin, Calvin 

Souther Fuller, and Gerald Pearson at Bell Laboratories in 1954, many research efforts 

have been made for the development of solar photovoltaic technologies that have been 

mainly categorized into the three generations of solar cells in Table 1.1.1 The mature 

commercial products such as mono and polycrystalline silicon solar cells are usually 

regarded as the first generation. Thin-film solar cells composed of 1 – 2 µm thick absorber 

layers like amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium 

gallium selenide (CIGS), among others are classified as the second generation. Lastly, the 

solar cells with conversion efficiencies beyond the Shockley–Queisser limit belong to 

the third generation. These include multi-gap tandem cells, quantum dot solar cells, hot 

electron converts, and so on. Even though many research efforts have recently been made 

on second and third generation solar cells, most of them remain at the research stage.   
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Table 1.1. Summary of three generation solar cells 

Generation Technology 

1st Mono Si, polycrystalline Si, etc. 

2nd a-Si, thin-film Si, CIGS, CdTe, DSSC, organic/molecular based 

solar cells, etc. 

3rd Multi-gap tandem cells, quantum dot solar cells, hot electron 

converts, etc. 

 

1.1.1 Thin-film solar  cells  

Thin-film solar cells comprised of 1 – 2 µm thick absorber layers are promising 

for the development of low-cost solar cells. The main advantages of thin-film solar cells 

are light weight, flexibility, and great facility with building integrated photovoltaics 

(BIPV). Three major active materials used for thin-film solar cell technologies are 

amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium selenide 

(CIGS). Although the non-toxic, abundant a-Si with a high absorption coefficient is well-

known for its earlier application on solar calculators, the fatal shortcoming of light 

degradation due to the Staebler-Wronski effect poses difficulties. Thus, direct-band-gap 

CdTe and CIGS with high absorption coefficient and excellent long-term stability have 

become alternative candidates for the absorber materials. The current record-high 

efficiencies with CdTe (21%) and CIGS (21.7%) further demonstrate their potential on 

thin-film solar cell technologies.2  
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1.1.2 Operation pr inciples of thin-film solar  cells  

Thin-film solar cells based on a p-n heterojunction as shown in Figure 1.1 are 

mainly composed of three processes to convert the light into electricity: charge 

generation, charge separation, and charge transport. The electron-hole pair is first 

generated by the absorption of light. Subsequently, the electron-hole pair is separated by 

the built-in voltage in the depletion region of the p-n junction. Finally, the photo-induced 

electron and hole are individually delivered to the external circuit.  

 

 

Figure 1.1. Schematic of the light-electricity conversion in the p-n junction solar cell 

 

An efficient thin-film solar cell requires a compatible device structure to satisfy 

the above-mentioned requirements. Figure 1.2a depicts the common film-stack substrate-

type substrate for use in CIGS.3 The Mo back contact is first deposited onto the soda-lime 

glass to form the ohmic contact. The p-type CIGS absorber layer with copper vacancies 

(VCu) is fabricated with a co-evaporation process or a two-step process (selenization of 
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metal alloys). Next, the n-type CdS buffer layer with sulfur vacancies (VS) is coated by a 

chemical-bath deposition and then sputtered with intrinsic zinc oxide (i-ZnO). Finally, a 

transparent conductive layer of aluminum-doped zinc oxide (AZO) is deposited on top of 

the i-ZnO by the sputtering technique as a top contact for electron transport. Unlike 

CIGS, which exhibits a high efficiency on the substrate-type substrate, CdTe mainly 

adopts the superstrate-type substrate to achieve higher efficiency as shown in Figure 

1.2b.4, 5 The main reason could be the different properties of absorber layers and 

interfacial conditions at buffer layer/absorber layer, varying with different fabrication 

sequences. The front-contact of a transparent conductive layer is followed by a high 

electrical resistivity metal-oxide layer, which is applied to a soda-lime glass by sputter 

deposition. The n-type CdS buffer layer with sulfur vacancies (VS) is fabricated with 

chemical-bath deposition. The active layer of p-type CdTe with cadmium vacancies (VCd) 

is often fabricated by a technique of close-spaced sublimation (CSS). A heat treatment in 

chlorine is used to re-crystallize the nano-sized grains and significantly improve the CdTe 

film quality. The back-contact layer of Mo, W, or C is fabricated with a sputtering 

system. Unlike CdTe and CIGS, amorphous silicon has adopted a p-i-n device structure 

to compensate for its shorter diffusion length.6    
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Figure 1.2. Schematic of (a) CIGS thin-film solar cell and (b) CdTe thin-film solar cell. 

 

 

 

 

 

 

 

 

 

 



 6 

1.1.3 Ear th-abundant mater ial   

The recent record-high efficiencies of CdTe and CIGS secure their potential as 

alternatives to amorphous silicon. However, with the targeted deployment of solar cells 

reaching the terawatt scale, those materials composed of rare or unfriendly elements will 

become a crucial issue. The heavy-metal cadmium utilized in CdTe has been banned in 

many countries because of concerns over environmental poisoning. In addition, both 

tellurium used in CdTe and indium and gallium used in CIGS are less abundant and 

expensive. Therefore, much attention has been paid to the use of earth-abundant 

materials. A promising candidate to meet these requirements is the kesterite-related 

Cu2ZnSn(S,Se)4 (CZTSSe) that possesses a high absorption coefficient of 104 cm-1, is 

composed of low-cost, non-toxic, abundant elements, and offers good long-term 

stability.7 In addition, the optical and electrical properties of the Cu2ZnSn(S,Se)4 series of 

materials could be easily tuned by varying the ratio of S/Se in Cu2ZnSn(S,Se)4 and 

thereby increasing the energy band gap from 1.0 to 1.5 eV with increasing amount of 

sulfur. Nevertheless, the narrow compositional window of stable single phases in the 

phase diagram leads to difficulties in the manufacturing process of Cu2ZnSn(S,Se)4. In 

other words, without strict environmental and processing conditions, secondary phases 

are easily formed, limiting its application in solar devices. Thus, many different methods 

to synthesize CZTSSe have been explored and they are presented below.8    

 

1.1.3.1 Sputtering techniques  

The sputtering technique is one of the most common fabrication techniques for 

CZTSSe. The first reported kesterite CZTS material was fabricated with the sputtering 

technique by Ito & Nakazawa in 1988.9 Next, Katagiri et al. developed a two-stage 

fabrication process by preparing multi-stack sputtered metal precursors or co-sputtered 
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metal-alloy precursors, followed by a high-temperature heat treatment in the presence of 

sulfur. In 2008, a conversion efficiency of 6.7% was reported by the same group.10 

Several key findings have been reported, such as a Cu-poor and Zn-rich condition to form 

a preferred defect of copper vacancy VCu in CZTS, decomposition of CZTS resulting in 

the loss of Sn during heat treatment, and formation of secondary phases. Recently, an 

efficiency of 8% has been achieved by using binary targets of Cux(S,Se)y, Znx(S,Se)y and 

Snx(S,Se)y followed by a heat treatment in the presence of SnS and S2 to form a high 

quality film.8   

 

1.1.3.2 Co-evaporation techniques    

The co-evaporation technique has been a successful method to fabricate high-

quality and high-efficiency CIGS solar cells because of its excellent capability to 

individually control the evaporated elements.11 However, CZTS/Se involving Sn re-

evaporation and volatile S/Se in a high temperature substrate makes it hard to produce a 

high-quality film by co-evaporation approach.8 Some research reports have been 

proposed to mitigate the loss of Sn by developing a fast co-evaporation process or 

increasing Sn overpressure in the process.12-15 An IBM group recently demonstrated an 

efficiency of 8.4% by first co-evaporating pure CZTS in a low-temperature process 

followed by a short annealing procedure.16, 17  

 

1.1.3.3 Electrochemical deposition techniques  

Electrochemical deposition is a well-developed industrial technology due to its 

advantages of being a non-vacuum process, having high throughput, and having high 

materials utilization. The electroplating process is mainly used to make CuZnSn alloy 
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precursor on a Mo substrate, followed by heat treatment in the presence of S or Se vapor 

to convert the electroplated alloy precursors into CZTS/Se. Previous studies have 

reported that secondary phases remain in the resulting film. The different electroplated 

metal or alloy stack sequences will also affect the device performance and the adhesion to 

the Mo substrate.18-21 Recently, an IBM group demonstrated an efficiency of 7.3% by 

improving the intermixing of electroplated precursor films via an additional heat 

treatment at 350 oC before the selenization/sulfurization process.22 However, a large 

amount of oxygen involved during the fabrication process was found in the resulting 

CZTSSe film, which may limit the potential of electrochemical deposition techniques.  

  

1.1.3.4 Pure solution methods    

The sol-gel solution process is regarded as the ideal synthesis method. It has low-

cost and scalability advantages as well as being a simple and environmentally friendly 

preparation technique. An efficiency of 2.2% has been achieved by preparing a sol–gel 

solution composed of copper (II) acetate monohydrate, zinc (II) acetate dihydrate, tin (II) 

chloride dihydrate, and 2-methoxyethanol solvent.23 However, it is challenging to 

produce a single homogeneous phase and void-free film directly from the sol-gel 

solution. An efficiency of 4.1% was obtained by dimethyl sulfoxide (DMSO) solvent 

mixing with metal salts and thiourea.24 Recently, an efficiency of 8.3 % was obtained 

using the same dimethyl sulfoxide (DMSO) solvent by tuning the precursors to produce a 

pure kesterite phase even though imperfect morphology was still observed.25     
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1.1.3.5 Nanoparticle-based methods 

The nanoparticle-based method has the advantages of low-cost manufacturing and 

higher throughput.26 However, an efficient device based on nanoparticle-based methods 

requires a sintering process and suitable liquid vehicles to produce a compact film 

composed of large-size grains.8 In 2009, Steinhagen et al first demonstrated an efficiency 

of 0.23%.27 In the same year, Guo et al improved the efficiency to 0.8% by sintering 

CZTS nanoparticles in the presence of Se vapor.28 In 2010, a conversion efficiency of 

6.7% was demonstrated by the same group by modifying the coating technique of CZTS 

nanoparticles using hexanethiol solvent followed by the same selenization process.29 

Recently, DuPont demonstrated an efficiency of 8.5 % by adopting binary and ternary 

metal chalcogenide nanoparticles dispersed in hexanethiol, rather than using quaternary 

CZTS nanoparticles to precisely control the composition.30  

 

1.1.3.6 Hybrid particle–solution methods  

The hybrid particle-solution approach for CZTSSe was first demonstrated by an 

IBM group.31 This approach is able to produce a dense and crack-free high-quality 

CZTSSe film by providing a combination of the advantages of particle-based and 

solution-based methods without requiring the binder. Two slurries - chalcogenide 

hydrazine solution (Cu2S–S and SnSe-Se) and particle-based Zn-chalcogenide precursors 

(ZnSe(N2H4) or ZnS(N2H4)) - are prepared individually and mixed together to form a 

hybrid particle–solution slurry for the spin-coating technique. The chalcogenide 

hydrazine solution not only serves as a binding media but also provides the intimate 

contact with Zn-chalcogenide precursors, which can facilitate a fast chemical reaction 

and homogeneous phase formation. With the availability of higher quality CZTSSe film, 

the different material properties between CZTSSe and CIGS could be investigated and 
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provide insights for the improvement of high-performance devicees.8, 32, 33 The first 

working device made by IBM achieved an efficiency of 9.6%, which is higher than the 

previous approaches.31 Recently, a record-high efficiency of 12% was further 

demonstrated by the same group via an improvement to the optical design in the film-

stack structure.34, 35 However, this hybrid particle–solution method using the strong 

reducing agent hydrazine has a fatal shortcoming: handling hydrazine requires 

appropriate protective equipment to avoid explosion and fire, making it hard for large-

scale manufacturing. However, an efficiency of 8.1% has still been achieved by replacing 

pure hydrazine with safer, diluted hydrazine mixtures (hydrazine–water–ammonia),36 but 

there is still a lot of room for the development of a safe slurry to meet the requirements of 

the large-scale manufacturing.       

 

1.1.4 Cd-free buffer  layer   

The current record-high efficiency of CZTSSe, 12.6%, is beyond the commercial 

threshold efficiency of 10%.34 However, the widespread commercialization of CZTSSe is 

impeded by the use of the heavy metal cadmium, which has been banned in many 

countries under the hazardous substances directive (RoHS) adopted by the European 

Union in 2003. It has also been reported that the conduction band offset at the 

CdS/Cu2ZnSn(S,Se)4 interface is higher than the optimum value of 0.4 eV and can, 

therefore, result in a lower Jsc and fill factor.37 Thus, a desirable Cd-free buffer layer with 

a suitable optimum band offset will become an urgent mission in the near future. Even 

though previous knowledge on CIGS and many research efforts have already been 

applied towards Cd-free buffer layers such as ZnO, ZnS, In2S3,38 many of them remain at 

the research stage.39   
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1.2 DYE-SENSITIZED SOLAR CELLS (DSSCS) 

Dye-sensitized solar cells (DSSCs) are based on a photoelectrochemical system to 

convert light into electricity under the illumination.40 Unlike the p-n junction solar cells, 

the operation of DSSCs is based on the photosynthesis process in plants and it allows the 

individual manipulation of the light absorption and charge transfer processes, offering 

greater flexibility in dealing with material design. The excellent capability of dye-

sensitized solar cells (DSSCs) in achieving short energy payback time, simple assembly, 

and eco-friendly features make them a potential technology for renewable energy use. 

 

1.2.1 Operation pr inciples of DSSC  

The prototypical architecture of a DSSC consists of a porous film of n-type TiO2, 

a photosensitized dye, a redox couple consisting of I−/I3− electrolyte, and a Pt counter 

electrode as shown in Figure 1.3.40 Upon solar illumination, the dye molecule undergoes 

an electronic transition from the ground state to the excited state. This is followed by an 

ultrafast electron injection from the excited state of the dye molecule into the conduction 

band of TiO2, which leads to the oxidation of the dye molecule. The oxidized dye 

subsequently stimulates the reduction of iodide into triiodide in the electrolyte, and the 

electron injected into the conduction band of TiO2 is transported to the counter electrode 

via the external circuit. The collected electron at the counter electrode is used to 

regenerate iodide from triiodide in order to complete the light-electricity conversion 

process.  
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Figure 1.3. Schematic of dye-sensitized solar cell 

 

1.2.2 Counter  electrode  

The role of the counter electrode in the DSSCs is to deliver the electron and 

catalyze the regeneration of iodide from triiodide to complete the light-electricity 

conversion process.41 The most common material used for counter electrodes is platinum 

(Pt) due to its high electrical conductivity and great catalytic ability to regenerate iodide 

from triiodide. Many key findings from the studies using Pt counter electrodes laid the 

foundation of DSSC technology. However, with the target of expanding solar generation 

up to the terawatt scale, the noble and scarce nature of Pt as well as its poor stability in 

the electrolyte has become a significant hurdle to realize low-cost, and thus, large-scale 

deployment of DSSCs. Thus, the emergence of Pt-free counter electrodes has been paid 
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much attention recently. More detailed progress associated with Pt and Pt-free counter 

electrodes will be discussed below.  

 

1.2.2.1 Platinum   

Platinum (Pt) has been one of the most extensively studied materials for DSSC 

technologies. The Pt counter electrode is typically fabricated onto a fluorine-doped tin 

oxide (FTO) substrate. Many methods for synthesizing Pt counter electrodes have been 

explored, such as sputtering deposition, electrodeposition, pyrolysis, chemical reduction, 

and vapor deposition.42-46 In particular, the chemical reduction method is one of the most 

common approaches due to its simplicity, low temperature, high catalytic activity, and 

low Pt loading. The influence of Pt on catalytic activity was also investigated by the Ma 

group.47 It was found that a Pt thickness of 2 nm is sufficient to offer good catalytic 

activity for use in DSSCs and that Pt film below 10 nm remains transparent. Pt thickness 

beyond 25 nm enables light reflection to enhance light utilization.47 On the other hand, 

the catalytic ability of Pt is related with its exposed facets, which follows the sequence of 

Pt (111) > Pt (411) > Pt (100) calculated by density functional theory (DFT).48 

Experimental results are also consistent with the theoretical calculation and show that 

DSSCs using a Pt (111) oriented counter electrode has the highest efficiency relative to 

those using Pt (411) and Pt (100) orientations.49 The recent champion DSSC using a Pt 

counter electrode has achieved a conversion efficiency of 13%.50 However, the noble and 

scarce nature of Pt has become a significant hurdle to realize low-cost, and thus, large-

scale deployment of DSSCs. Seeking Pt-free counter electrodes to address these 

challenges has become an important research topic. 
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1.2.2.2 Carbon materials  

Carbon has been one of the more promising candidates for Pt-free counter 

electrodes due to its advantages of low cost, high catalytic activity, high electrical 

conductivity, high thermal stability, and good corrosion resistance.41 Many carbon-based 

materials have been explored, such as activated carbon (Ca), carbon black (Cb), 

conductive carbon (Cc), carbon dye (Cd), carbon fiber (Cf), mesoporous carbon (Cm), 

carbon nanotubes (CNTs), fullerene, graphene, and so on.51 However, the common 

problem of carbon materials is the poor adhesion between carbon and the substrate, 

strongly limiting their long-term use. Recently, using carbon paste to improve the 

adhesion onto the substrate has been proposed.52 In addition, another shortcoming of 

carbon materials is their opacity that requires the development of transparent carbon 

materials for semi-transparent applications.53 Overall, the carbon materials possess many 

merits to become the most competitive alternative to Pt counter electrode material for the 

low-cost and high performance commercial DSSCs.  

 

1.2.2.3 Polymers  

Developing a polymer material as the counter electrode is essential for the sake of 

the advancement of transparent and flexible DSSCs. Several conductive polymer 

materials with good catalytic activity, easy accessibility, and low-cost have been adopted 

as counter electrodes in DSSCs. These include poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS), polypyrrole (PPy), polyaniline (PANI), and so on.41 

Developing a new organic polymer with long-term stability is required for application in 

commercial DSSCs.  
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1.2.2.4 Binary metal compounds  

Since 2009, significant research efforts have focused on binary metal compounds 

to investigate the possibility of replacing the rare and noble Pt counter electrode in 

DSSCs. These binary metal compounds include carbides, nitrides, sulfides, phosphides, 

and so on. In carbide-based compounds, tungsten carbide (WC) was first used for the 

counter electrode of a DSSC by Lee et al.54 The Ma group then adopted tungsten carbide 

(WC) and molybdenum carbide (MoC) for DSSCs.55 Subsequently, various carbides such 

as TiC, VC, NbC, Cr3C2, Ta4C3, SiC, and ZrC were developed and evaluated for their 

efficiencies in DSSCs. Most of them show high catalytic activity with the exception of 

SiC and ZrC.41  

 

1.2.2.5 Nitrides  

Because of the similar properties of nitrides to carbides, such as high hardness, 

high melting point, and high electrical and thermal conductivity, a variety of nitrides such 

as TiN, Mo2N, MoN, W2N, WN, Fe2N, NiN, VN, NbN, CrN, and Ta4N5 were also 

developed to investigate the catalytic activity as applied to DSSCs as a counter 

electrode.41 In particular, an efficiency of 8.31% was obtained by using large surface area 

nitride particles with a mesoporous structure.56       

 

1.2.2.6 Sulfides  

CoS was first synthesized and applied to DSSC as a counter electrode due to the 

lower cost and abundant nature of elemental cobalt. Since the Grätzel group 

demonstrated an efficiency of 6.5% by using CoS nanoparticles and verified its long-term 

stability in severe conditions, sulfide counter electrodes have gained much attention.57 
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Many sulfides have been synthesized and adopted as counter electrodes in DSSCs such as 

CoS nanorods, Co8S9, NiS nanoarrays, Co8.4S8, Ni3S2, Cu1.8S, Bi2S3, and FeS2.58-65 More 

recently, the syntheses of MoS2 and WS2 by the Ma group were introduced as counter 

electrodes in DSSCs, demonstrating efficiencies of 7.59% and 7.73%, respectively, for 

MoS2 and WS2, which is comparable to that of Pt with 7.64%.66    

 

1.2.2.7 Phosphides 

Some phosphides such as Ni5P4 and MoP have also been synthesized and 

introduced as counter electrodes. Though efficient devices using Ni5P4 (5.71%) and MoP 

(4.92%) have been made, an efficiency of phosphides higher than that of Pt has not been 

reported yet.67 There is still much room for further development of phosphide counter 

electrodes.   

 

1.2.2.8 Selenides  

Cobalt selenide (Co0.85Se) and nickel selenide (Ni0.85Se) were synthesized and 

introduced as counter electrodes in DSSCs by the Wang group.68 The device using 

Ni0.85Se shows an efficiency of 8.32% and that using Co0.85Se yields an efficiency of 

9.40%, which exceeds that using Pt (8.64%). DSSCs using NiSe2 and CoSe have also 

been reported to show higher efficiencies than Pt.69, 70 In addition, some new selenides 

such as NbSe2 nanosheets and nanorods were successfully synthesized, and they yielded 

an efficiency close to the DSSC based on a Pt counter electrode.71    
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1.2.2.9 Tellurides  

CoTe and NiTe2 synthesized by the Ma group were also introduced as counter 

electrodes and they produced efficiencies of, respectively, 6.92% and 7.21%, which are 

comparable to the DSSC based on Pt (7.04%).72 

 

1.2.2.10 Multiple compounds  

Unlike the binary compounds mentioned above, multiple compounds composed 

of three or more elements have been adopted as the counter electrode in DSSCs. Copper 

zinc tin sulfide (CZTS) was initially developed as a multiple compound based counter 

electrode.73, 74 Work by the Lin group demonstrates efficiencies of 3.62% and 7.37%, 

respectively, by using the counter electrode based on CZTS nanoparticles (CZTS) and 

selenization of nanoparticles (CZTSSe). The Wu group subsequently synthesized CZTSe 

and produced an efficiency of 7.82% by optimizing its thickness to 1.2 μm.75 CuInS2 with 

different morphologies, such as vertically-oriented CuInS2 nanosheet, and nanocrystals, 

were also investigated by a different group. An efficiency of 6.33%, comparable to that 

of sputtered Pt (6.07%), was reached by optimizing the vertically-oriented CuInS2 

nanosheet.76 Other ternary compounds such as NiCo2S4, CoMoS4 and NiMoS4 have been 

synthesized by the Lin group.77, 78 Their efficiencies after adding the graphite can be 

comparable to that of Pt.  

 

1.2.2.11 Composite materials  

Composite counter electrodes are composed of two or more constituent materials 

with different physical or chemical properties. The investigation of composite counter 

electrodes has been paid much attention due to their high catalytic activity and 
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combination of advantages. Some composite materials that have been investigated are 

WC/ordered mesoporous carbon, MoC/ordered mesoporous carbon, TiN/carbon 

nanotubes, and Pt/carbon.79 New composite materials based on different combinations are 

continually being developed. The Ma group synthesized WO2/mesoporous carbon and 

VC/mesoporous carbon and showed them to possess higher activities than Pt.80, 81 The 

Han group developed a new system of metal/polypyrrole/C and showed efficiencies in 

DSSCs using Co/polypyrrole/C (7.64%) and Ni/polypyrrole/C (7.44%), higher than that 

of bare carbon (6.26%).82 Some binary compounds combined with graphene, such as 

MoS2/graphene, NiS/graphene and CoS/graphene,83-85 or combined with multi-wall 

carbon nanotubes, such as WS2/MWCNTs and MoS2/MWCNTs,86, 87 have also been 

introduced as counter electrodes. The Ouyang group adopted single wall carbon 

nanotubes/reduced graphene oxide (SWCNTs/rGO) as a counter electrode and produced 

an efficiency of 8.37%, higher than that of Pt (7.79%).88 In addition to the carbon-based 

composite materials, Pt-based composite materials such as TiC/Pt, WO2/Pt, and VN/Pt 

have also been investigated.89 The Wang group has also synthesized one dimensional 

CuInS2-ZnS heterostructured nanorods and showed a conversion efficiency of 7.5%, 

higher than that of Pt (7.1%).90 

 

1.2.3 Photoanodes  

A nanosized TiO2 film with 10–15 μm of thickness functions as the photoanode 

in DSSCs to physically adsorb the molecular dye and transport the injected electron from 

the dye to the external circuit. Different metal oxides in addition to TiO2 have been 

explored such as Al2O3, ZnO, and SnO2, and the results have shown that the device 

performance of DSSCs is strongly affected by the materials properties of the photoanode. 
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On the other hand, the morphology of the photoanode has also been used to improve the 

light scattering and electron transport. A variety of shapes such as large particles, 

nanotubes, nanowires, nanospindles, electrospun fibers, nano-embossed hollow spheres, 

hexagonal plates, and photonic crystals have been investigated.91 Recently, a bilayer 

structure composed of a nanosized transparent layer and a scattering layer has been paid 

much attention due to the enhancement of the device performance by effectively 

improving the light scattering. Different structural designs for the scattering layer are also 

investigated such as double light-scattering film,92 surface plasmon effects,93-95 1-3D 

nanostructured designs,96 quintuple-shelled hollow microspheres,97 and multi-stack 

structures.98  

 

1.2.4 Electrolyte  

The electrolyte serves as the medium to connect between the TiO2 photoanode 

and the counter electrode in DSSCs. The ionic conductivity in the electrolyte will directly 

affect the device performance. There are three main DSSC electrolytes: I-mediated 

electrolyte, Co-complexes-mediated electrolyte, and S-mediated electrolyte.40 The most 

commonly used one is I-mediated electrolyte while the greatest device efficiency has 

been achieved by using Co-complexes-mediated electrolyte. However, the same counter 

electrodes show different efficiencies in different electrolytes. For instance, the efficiency 

of a carbon counter electrode is usually less than that of a Pt counter electrode in an I-

mediated electrolyte but it outperforms the Pt counter electrode in the S-mediated 

electrolyte.40     
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1.2.5 Organic dyes  

The dye is an important component to convert the incident light into electricity in 

the DSSC. Upon solar illumination, the dye molecule undergoes an electronic transition 

from the ground state to an excited state. An ultrafast electron injection from the excited 

state of the dye molecule into the conduction band of TiO2 allows transport of the 

electron out through TiO2. The most commonly used dyes are ruthenium-based dyes 

because they have demonstrated good performance in DSSCs. However, the ruthenium-

based dyes are limited by purification, synthesis processes, and low molar extinction 

coefficients.40 Thus, metal-free dyes have been paid much attention recently due to the 

higher freedom of the molecular design and higher molar extinction coefficients. 

Recently, dyes incorporated with a donor-π-acceptor (D-π-A) structure have become a 

promising route to optimize the property of the dye due to its flexibility of structural 

design.99, 100 Many studies are focused on tuning the donor groups, engineering the 

conjugated bridges, and optimizing the acceptor/anchors in D-π-A dyes to improve the 

properties of the dyes such as the absorption, charge recombination rate, long-term 

stability, and injection efficiency.40 

 

1.3 OBJECTIVES OF THIS DISSERTATION  

The primary objective of this dissertation is to develop a low-cost fabrication 

method for solar cells using earth-abundant materials. Two types of solar cells are 

investigated: (i) thin-film solar cells and (ii) dye-sensitized solar cells. Accordingly, the 

general experimental techniques and procedures are initially described in Chapter 2. In 

Chapter 3, Cu2ZnSn(S,Se)4 nanocrystals with tunable properties are successfully 

synthesized by a hot-injection approach and the relationships among Cu2ZnSn(S,Se)4 

nanocrystals, sulfurization, and Cu2ZnSn(S,Se)4 films are systematically investigated. In 
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addition, a low-cost superstrate-type substrate is developed to evaluate the conversion 

efficiency and provide Cu2ZnSn(S,Se)4 with a transformative solution to avoid the 

occurrence of potential decomposition pathways induced by the formation of Mo(S,Se)2 

at the substrate interface. In Chapter 4, the sulfurization process is used to optimize the 

band gap and investigate the effect of S doping into CZTSe nanocrystals during heat 

treatment. In addition, the loss of Sn associated with the conversion of CZTSe to CZTSSe 

nanocrystals is studied by comparing the ink with and without the addition of ethyl 

cellulose.  

In Chapter 5, a bilayer structural design composed of a light-scattering layer and a 

nano-sized transparent layer for use in dye-sensitized solar cells (DSSCs) is developed 

for the enhancement of light harvesting. A facile, low-cost, template-free route for TiO2 

hollow submicrosphere embedded with SnO2 nanobeans for use as a versatile scattering 

layer in DSSC is designed and the relationship among our designed structure as well as 

the dye adsorption, light harvesting, and electron transport in DSSC are explored. In 

Chapter 6, a naturally-derived carbonaceous material as a Pt-free counter electrode for 

DSSCs is explored: carbonized sucrose-coated eggshell membrane (CSEM). This 

material made from eggshell membranes are recycled from domestic waste and applied to 

DSSCs to realize large-scale deployment at an affordable cost. The catalytic activity and 

sites are investigated by cyclic voltammetry (C-V) and Raman spectroscopy. The surface 

area and the pore-size distribution are also studied by Brunauer-Emmett-Teller (BET) 

method. The study here not only investigates the relationship between the microstructure 

and the charge-transfer process but also brings new insights into the future application of 

natural materials for use in DSSCs. Finally, Chapter 7 provides a summary of the 

investigations. 
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Chapter  2: General exper imental procedures 

2.1 MATERIALS SYNTHESIS  

All the chemicals used in the experiments were ACS grade without further 

purification. The synthesis procedures for Cu2ZnSn(S,Se)4 nanoparticles, metal-oxide 

photoanodes, and Pt-free counter electrodes are described in detail in each individual 

chapter.   

 

2.2 MATERIALS CHARACTERIZATION TECHNIQUES 

2.2.1 X-ray diffraction  

The crystal structures of the materials were characterized with a Philips X-ray 

diffractometer (XRD) or a Rigaku X-ray diffractometer using Cu Kα radiation. The 

crystalline phases were referenced from the JCPDS cards.  

 

2.2.2 Scanning electron microscopy and Energy dispersive X-ray spectroscopy  

The in-plane and cross-sectional scanning electron microscopy (SEM) images for 

the microstructure morphology were collected with a FEI Quanta 650. The compositional 

analyses and the elemental mapping of the materials were carried out with a JEOL5610 

SEM or a Hitachi S5500 scanning electron microscope (SEM)/scanning transmission 

electron microscope (STEM), both equipped with energy dispersive spectroscopy (EDS). 
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2.2.3 Transmission electron microscopy  

The microstructure and crystal structure analyses were conducted with a JEOL 

2010F transmission electron microscope (TEM) with an accelerating voltage 200 kV. The 

TEM samples were prepared on copper grids.  

 

2.2.4 Raman microscopy 

The Raman spectra were acquired with a Renishaw inVia Raman Microscope 

using 532 nm laser excitation at a 50 X objective. 

 

2.2.5 UV-Vis-NIR 

The band gap of nanoparticles and the amount of dye adsorption were acquired 

with a Cary 5000 UV-Vis-NIR spectrometer. Diffuse reflectance spectra were recorded 

with a Varian Cary 500 UV-Vis-NIR instrument equipped with an integrating sphere of a 

Labsphere DRA-CA-5500.  

 

2.2.6 Sur face area and pore-size measurements 

The surface area and pore-size distributions were measured by the Brunauer-

Emmett-Teller (BET) method with an automated gas sorption analyzer (AutoSorb iQ2, 

Quantachrome Instruments). The samples were baked at 100 oC for 24 h in a vacuum 

oven. The pore-size distribution plots were based on Horvath-Kawazoe (HK) model 

(micropore analysis) and density functional theory (DFT) model (micro/mesopore 

analysis).  
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2.2.7 Thermogravimetr ic analysis (TGA) 

Thermogravimetric analysis (TGA) was performed with a Perkin Elmer TGA 7 

with 5 oC per minute heating rate under a flow of argon. 

 

2.3 ELECTROCHEMICAL CHARACTERIZATION   

2.3.1 Electrochemical impedance spectroscopy  

The electrochemical properties were analyzed by electrochemical impedance 

spectroscopy (EIS) data collected with a program-controlled Solartron SI 1287 and SI 

1260 instrument. The ingredients of the as-prepared electrolyte contained 0.6 M 1-

methyl-3-propylimidazolium iodide (PMII), 0.05 M lithium iodide (LiI), 0.03 M iodine 

(I2), 0.1 M of guanidinium thiocyanate (GuNCS), and 0.5 M 4-tert-butyl-pyridine (tBP) 

in a mixture of acetonitrile and valeronitrile (85:15 in volume ratio).   

 

2.3.2 Cyclic voltammetry 

Three-electrode cyclic voltammetry (C-V) (Ag/AgNO3 as a reference electrode 

and Pt foil as a counter electrode) was utilized to analyze the electrochemical activities. A 

liquid electrolyte composed of 0.1 M LiClO4, 10 mM LiI, and 1 mM I2 in acetonitrile was 

used. 

 

2.4 SOLAR CELL TESTING  

The current density-voltage (J - V) characteristics using a solar simulator with a 

100 mW cm-2 light illumination under AM 1.5 G conditions were measured by a Keithley 

2400 source measurement unit. All samples for the solar device performances were tested 
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with the light illuminating through the ITO side of the substrate. Silver paste was used to 

reduce the contact resistance between ITO and the wire.   
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Chapter  3: Low-cost, Mo(S,Se)2-free superstrate-type solar  cells 
fabr icated with tunable band gap Cu2ZnSn(S1-xSex)4 nanocrystal-based 

inks and the effect of sulfur ization*

3.1 INTRODUCTION  

 

The earth-abundant kesterite Cu2ZnSnS4 with a high absorption coefficient of 104 

cm-1, direct band gap, and good long-term stability has become an attractive candidate for 

use in solar cell absorber layers as it is composed of non-toxic, abundant elements 

compared to the traditional CdTe and Cu(In,Ga)(S,Se)2 (CIGS) thin-film absorbent 

layers.7 However, the vulnerability of the Cu2ZnSn(S,Se)4 system to decomposition 

pathways (equation 1) during heat treatment leads to different requirements for producing 

efficient Cu2ZnSn(S,S4)-based devices compared to CIGS.101, 102   

 

Cu2ZnSn(S,Se)4 (s)  

 Cu2(S,Se) (s) + Zn(S,Se) (s) + Sn(S,Se) (g) + ½ (S,Se)2 (g) (1) 

 

This decomposition can be avoided by providing excess (S,Se)2 gas or a Sn(S,Se) 

source during the heat treatment of Cu2ZnSn(S,Se)4.103 However, heat treatment can lead 

to the formation of Mo(S,Se)2 at the interface between the Mo back contact and the 

Cu2ZnSn(S,Se)4 active layer interface (Figure 3.1a).  

While beneficial to devices based on the CIGS system, Mo(S,Se)2 is detrimental 

to the Cu2ZnSn(S,Se)4 system due to the formation of an undesirable Schottky barrier at 

the Mo/Cu2ZnSn(S,Se)4 interface.104 Moreover, Mo(S,Se)2 can accelerate the 

decomposition of Cu2ZnSn(S,Se)4.
105 Despite approaches such as use of a diffusion 

                                                 
* C.-L. Wang, C.-C. Wang, B. Reeja-Jayan and A. Manthiram, “Low-cost, Mo(S,Se)2-free superstrate-type solar cells fabricated with 
tunable band gap Cu2ZnSn(S1-xSex)4 nanocrystal-based inks and the effect of sulfurization,” RSC Advances 3, 19946-19951 (2013). C.-
L. Wang carried out the experimental work. C.-C. Wang and B. Reeja-Jayan provided assistance in the discussion and experimental 
details. Dr. A. Manthiram supervised the project. 
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barrier of TiN or alloyed Mo metal to reduce the impact of (S,Se) on Mo,106, 107 the 

formation of Mo(S,Se)2 cannot completely be eliminated. It is, therefore, challenging to 

fabricate high-quality Cu2ZnSn(S,Se)4 devices while using a Mo back contact. 

Unfortunately, all current Cu2ZnSn(S,Se)4 research is based on the typical substrate-type 

device structure with an Mo back contact (Figure 3.1a), which may become a critical 

bottleneck for increasing the power conversion efficiency of these devices.  

 

 

Figure 3.1. Illustration of solar cells with (a) the conventional substrate-type 

configuration and (b) the new superstrate-type configuration. EVA refers to ethylene 

vinyl acetate, which was used for encapsulating the solar cells. 
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On the other hand, high efficiency has been achieved with CdTe on a superstrate-

type substrate, as compared to that of CIGS with a substrate-type substrate with Mo back 

contact.2 Such a difference indicates that not only the quality of the absorbent film but 

also the interfacial condition varied by the heat treatment is important for producing high-

efficiency solar cells. While the current device efficiency of Cu2ZnSn(S,Se)4 remains far 

behind those of CIGS and CdTe, it is highly possible to further raise the conversion 

efficiency of Cu2ZnSn(S,Se)4 by adopting a suitable substrate to promote the film quality 

and the interfacial conditions.  

We present here that inverting the existing Cu2ZnSn(S,Se)4 device structure to 

have a bottom substrate of CdS/TiO2/ITO/soda-lime glass instead of Mo during the 

sulfurization of Cu2ZnSn(S,Se)4 can help address the aforementioned problems 

associated with the formation of Mo(S,Se)2. This novel superstrate-type configuration of 

Au/Cu2ZnSn(S,Se)4/CdS/TiO2/ITO/soda-lime glass, shown in Figure 3.1b, includes a 

bifunctional interlayer of CdS to circumvent the formation of Mo(S,Se)2 and avoid the 

occurrence of potential decomposition pathways. Such a superstrate-type architecture has 

additional benefits like simplifying the mechanistic studies of Cu2ZnSn(S,Se)4, blocking 

the diffusion of Na from the glass substrate into the active layer using a window layer of 

TiO2, and reducing the overall manufacturing cost of Cu2ZnSn(S,Se)4 modules by 

utilizing a single piece of glass to both offer support and encapsulate the device in the 

module. In addition, our work on the Cu2ZnSn(S,Se)4 system with a superstrate-type 

device architecture could provide alternative approaches to assess the possibility of 

replacing CdTe by Cu2ZnSn(S,Se)4 to greatly impact the solar cell market. 

A variety of techniques to make kesterite-related materials such as Cu2ZnSnS4, 

Cu2ZnSn(S,Se)4  and Cu2ZnSnSe4 have been reported.18, 28, 108-111 Although a record 

high efficiency of 11% with the Cu2ZnSn(S,Se)4 family has been achieved using a 
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hydrazine-based approach,33 hydrazine is a toxic and unstable chemical, which is not 

suitable for large-scale commercial manufacturing processes. Alternatively, adopting 

Cu2ZnSn(S,Se)4 nanocrystals as the initial precursor with a robust, easily scalable, and 

relatively safe manufacturing process becomes an attractive alternative to control the 

kesterite-related structure with tunable quaternary compositions and spatial compositional 

uniformity. Since Cu2ZnSnS4 nanocrystal-based inks followed by a selenization process 

has been demonstrated by Guo et al,29 nanocrystal-based inks have been considered a 

promising route for producing a high quality absorbent layer in the Cu2ZnSnS4 devices. 

However, the strong chemical reaction of Se vapor during selenization causes undesirable 

effects on Cu2ZnSn(S,Se)4 devices,106 as compared to the mild chemical and 

environmentally friendly reaction of S vapor during sulfurization. Furthermore, S being 

more abundant in the earth’s crust compared to Se makes the sulfurization process more 

cost-effective compared to selenization. These advantages make the sulfurization of 

Cu2ZnSn(S,Se)4 nanocrystals attractive for development of high-quality, low cost 

Cu2ZnSn(S,Se)4 films. Unfortunately, currently there are no studies on the effect of 

sulfurization on the properties of Cu2ZnSn(S,Se)4 nanocrystals and their films.  

Accordingly, we present here the controllability of Cu-poor and Zn-rich 

Cu2ZnSn(S1-xSex)4 nanocrystals with various S to Se ratios, synthesized by a facile hot-

injection approach using only oleylamine reagent, to successfully synthesize a series of 

Cu2ZnSn(S1-xSex)4 nanocrystals and investigate the role played by Se in Cu2ZnSn(S1-

xSex)4 during the sulfurization. Additionally, the proposed low-cost superstrate-type 

device structure of Cu2ZnSn(S1-xSex)4/CdS/TiO2/ITO/soda-lime glass without the effect 

of Mo(S,Se)2 and Na diffusion has been demonstrated for the first time in the 

Cu2ZnSn(S,Se)4 class of materials. This new architecture also provides a stable platform 
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to conduct mechanistic studies that can help correlate materials characteristics with 

device performance.  

 

3.2 EXPERIMENTAL  

The superstrate-type device structure of Cu2ZnSn(S1-xSex)4/CdS/TiO2/ITO/soda-

lime glass, as shown in Figure 3.1b, was devised for the first time and compared to the 

typical device structure of  Figure 3.1a. The 30 nm thick anatase TiO2 layer was 

fabricated by a sol-gel synthesis, followed by heat treatment at 450 oC for 2 h on ITO-

coated glass slides purchased from Nanocs (Product No. ITO-0021-50). The CdS buffer 

layer was deposited on top of the TiO2 layers by chemical bath deposition (CBD). Dense 

CdS thin-film layers were obtained during CBD inside a water bath maintained at 65 oC 

for 15 min. The Cu-poor and Zn-rich Cu2ZnSn(S1-xSex)4 nanocrystals, with Se/(S+Se) 

ratios of x = 0, 0.27, 0.52, 0.80, 1.0, were synthesized by the hot-injection approach under 

an argon atmosphere to investigate the influence of Se in Cu2ZnSn(S1-xSex)4 nanocrystals 

during the sulfurization. A (S+Se) anion precursor to Cu ratio higher than 2.5 was 

prepared for the hot-injection process. An ink consisting of Cu2ZnSn(S1-xSex)4 

nanocrystals and ethanol was spincoated onto the top of the CdS buffer layer. The 

Cu2ZnSn(S1-xSex)4 film was formed by sulfurization of the spincoated Cu2ZnSn(S1-xSex)4 

layer at 570 oC for 45 min. The sulfurization process was performed inside a graphite box 

containing 10 mg sulfur powder under argon flow. A mild HCl (hydrogen chloride) 

etching process was applied for the devices after the sulfurization step. Finally, a 

thermally evaporated gold electrode was used to define an active device area of 0.1 cm2
 

by using the high-purity gold wire with 0.5 mm in diameter and 5 cm in length.     
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3.2.1 Synthesis of Cu2ZnSn(S1-xSex)4 nanocrystals   

The Cu2ZnSn(S1-xSex)4 nanocrystals were prepared by a hot-injection method. 

The Cu, Zn, and Sn ionic precursors were chosen as copper(II) acetylacetonate 

[Cu(acac)2], zinc acetate [Zn(O2CCH3)2], and tin(II) chloride dihydrate [SnCl2.2H2O], 

respectively. The Cu-poor and Zn-rich compositions were kept during the synthesis of 

these Cu2ZnSn(S1-xSex)4 nanocrystals. In a typical synthesis, 1.68 mmol of copper(II) 

acetylacetonate, 1.4 mmol of zinc acetate, and 1.0 mmol of tin(II) chloride dehydrate 

were added into a 500 mL 3-neck flask with 30 mL of oleylamine. A (S+Se) anion 

precursor to Cu ratio of higher than 2.5 times was prepared for the hot-injection process. 

As that oleylamine solution of Cu, Zn, and Sn ionic precursors was heated at 200 oC, a 10 

mL of oleylamine solution with various ratios of elemental S and Se (x = 0, 0.25, 0.5, 

0.75, and 1) was injected, followed by heating at 250 oC for 1 h under argon atmosphere. 

After the reaction, the solution was precipitated by methanol and washed by isopropyl 

alcohol /hexane three times to remove the residual oleylamine.  

 

3.2.2 Fabr ication of devices   

A 30 nm thick anatase TiO2 layer was fabricated by a sol-gel synthesis, followed 

by heat treatment at 450 oC for 2 h on ITO-coated glass slides purchased from Nanocs 

(New York, NY). The CdS buffer layer using the mixed aqueous solutions of CdSO4, 

NH2CSNH2, NH4OH, and deionized water was deposited onto the top of the TiO2 layer 

by chemical-bath deposition (CBD). Dense CdS thin-film layers were obtained during 

CBD inside a water bath maintained at 65 oC for 15 min. An ink consisting of 

Cu2ZnSn(S1-xSex)4 nanocrystals and ethanol was prepared and spincoated onto the top of 

the CdS buffer layer. The Cu2ZnSn(S1-xSex)4 film was formed by sulfurization of the 

spincoated Cu2ZnSn(S1-xSex)4 layer. The sulfurization process was carried out by placing 
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the sample of as-synthesized Cu2ZnSn(S1-xSex)4 nanocrystals/CdS/TiO2/ITO/soda-lime 

glass inside a graphite box with sulfur powders at 570 oC in a tubular furnace for 45 

minutes under argon flow. A mild hydrogen chloride (HCl) etching process was applied 

for the whole device after the sulfurization. Finally, a thermally evaporated gold electrode 

was used to define an active device area of 0.1 cm2.  

  

3.2.3 Character ization of Mater ials  

The Cu2ZnSn(S1-xSex)4 crystals were characterized with a Philips X-ray 

diffractometer (XRD) using Cu Kα radiation. The cross-sectional SEM images were 

collected with a FEI Quanta 650. The compositional analyses were carried out by an 

energy-dispersive X-ray spectroscopy (EDS) equipped in a JEOL5610 SEM. The current 

density-voltage (J - V) characteristics using a solar simulator with a 100 mWcm-2 light 

illumination under AM 1.5 G conditions were measured by a Keithley 2400 source 

measurement unit. All samples for the solar device performances were tested with the 

light illuminating through the ITO side of the substrate. 

 

3.3 RESULTS AND DISCUSSION  

To examine the influence of the content of Se in Cu2ZnSn(S1-xSex)4 during the 

sulfurization, a series of Cu-poor and Zn-rich Cu2ZnSn(S1-xSex)4 nanocrystals with 

various S to Se ratios based on a kesterite structure are required. Figure 3.2a shows the 

photographs of Cu2ZnSn(S1-xSex)4 nanocrystal solutions with the energy band gaps tuned 

by varying the Se/(S + Se) ratios as x = 0, 0.27, 0.52, 0.80, and 1.0. In Figure 3.2b, the 

compositional analysis by energy-dispersive X-ray spectroscopy (EDS) indicates that the 

S to Se ratio in Cu2ZnSn(S1-xSex)4 nanocrystals under Cu-poor and Zn-rich conditions can 
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be varied by our hot-injection approach. X-ray diffraction (XRD) analysis shown in 

Figure 3.2c indicates that the pure Cu2ZnSnS4 and Cu2ZnSnSe4 nanocrystals exhibit 

diffraction peaks that match with those in the JCPDS cards 26-0575 and 70-8930, 

respectively.  

With increasing Se content in the Cu2ZnSn(S1-xSex)4 nanocrystals, the diffraction 

peaks shift to lower angles due to the substitution of larger Se (0.198 nm) for smaller S 

(0.184 nm). Additionally, the lattice constants a and c of Cu2ZnSn(S1-xSex)4 obtained 

from the XRD data in Figure 3.2d reveal that the volume of the Cu2ZnSn(S1-xSex)4 unit 

cell increases with increasing amount of Se in Cu2ZnSn(S1-xSex)4. These results indicate 

that the Cu2ZnSn(S1-xSex)4 nanocrystals could be successfully synthesized and tuned by 

the hot-injection method. Contrary to Riha et al,112 who synthesized Cu2ZnSn(S1-xSex)4 

by using extra NaBH4 and toxic trioctylphosphine oxide, and Ou et al,113 who 

synthesized by dissolving thiourea in 1-octadecenee, our hot-injection approach 

employing high amounts of elemental anion precursors and involving direct mixing of S 

with Se in oleylamine demonstrates a facile, environmentally benign, and easily scalable 

route to synthesize a series of Cu2ZnSn(S1-xSex)4 nanocrystals.  
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Figure 3.2. (a) Photographs of Cu2ZnSn(S1-xSex)4 nanocrystal solutions with various 

Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0; (b) compositional ratios of Cu/Sn, 

Zn/Sn, and Cu/(Zn+Sn) as a function of Cu2ZnSn(S1-xSex)4 nanocrystal solution with 

various Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0; (c) XRD analysis of 

Cu2ZnSn(S1-xSex)4 nanocrystals with various Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, 

and 1.0; and (d) variations of the lattice constants a and c with x in the Cu2ZnSn(S1-xSex)4 

nanocrystals. 
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Nanocrystals have been considered a promising precursor to make a spatially 

uniform film with precisely controlled composition. However, to form a solar cell 

junction, the heat treatment to promote the grain growth of nanocrystals is necessary to 

improve carrier transport in as-prepared nanocrystal films. As a result, a series of 

Cu2ZnSn(S1-xSex)4 followed by a 570 oC heat treatment in the presence of sulfur were 

investigated for realizing the varied morphology of films with increasing content of Se in 

Cu2ZnSn(S1-xSex)4 nanocrystals.  

 

 

Figure 3.3. (a) Photograph of Cu2ZnSn(S1-xSex)4 solar cells fabricated with our 

superstrate-type architecture. Cross-sectional SEM images of Cu2ZnSn(S1-xSex)4 

nanocrystals with (b) x = 0, (c) x = 0.27, (d) x = 0.52, (e) x = 0.80, and (f) x = 1.0 in the 

superstrate-type configuration after sulfurization. 
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The Cu2ZnSn(S1-xSex)4 nanocrystals were incorporated into devices based on the 

new superstrate-type architecture, Au/Cu2ZnSn(S1-xSex)4/CdS/TiO2/ITO/soda-lime glass, 

as depicted in Figure 3.3a. The cross-sectional SEM images of a device stack comprising 

of the Cu2ZnSn(S1-xSex)4/CdS/TiO2/ITO/soda-lime glass layers, for a series of x values, 

are shown in Figure 3.3b-f. The data reveal that the compactness and size of the grains 

present in the Cu2ZnSn(S1-xSex)4 film after the sulfurization is increased by increasing the 

Se content in the as-synthesized Cu2ZnSnS4 nanocrystals. Compared to the sulfurization 

of pure Cu2ZnSnSe4, the image of the as-synthesized Cu2ZnSnS4 nanocrystals after the 

sulfurization treatment revealed relatively small grains, widely distributed over the film, 

as show in Figure 3.3b, which suggests a slower rate of grain regrowth. This would 

suggest that the Se content in the as-synthesized Cu2ZnSnS4 nanocrystals can assist the 

grain regrowth of Cu2ZnSn(S1-xSex)4 and benefit the formation of a compact film 

consisting of larger-size grains, driven by the thermal force of the chemical reaction 

depicted in equation 2 in presence of S during heat treatment: 

 

Cu2ZnSnSe4 (s) + 2 S2 (g)    Cu2ZnSnS4 (s) + 2 Se2 (g)   (2) 

 

This phenomenon of stimulating the grain regrowth for Cu2ZnSnSe4 nanocrystals 

in the presence of sulfur is the same as that for Cu2ZnSnS4 nanocrystals in the presence of 

selenium, which proceeds in the reverse direction to that indicated by equation 2. This 

suggests that the reaction to produce Cu2ZnSn(S,Se)4 would follow equation 2 and 

Cu2ZnSn(S,Se)4 system can be achieved by adjusting the amount of Se and S in the heat 

treatment, which agrees well with  a similar concept in the CuIn(S,Se)2 system.114   

While varying the amount of sulfur vapor during heat treatment, the S/S+Se ratio could 

be tuned for producing high quality Cu2ZnSn(S,Se)4 with an optimal band gap.   
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In Figure 3.4a, the EDX analysis indicates the compositional ratios in 

Cu2ZnSn(S1-xSex)4 nanocrystals with various Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, 

and 1.0 after the 570 oC sulfurization for 45 min. Even though there is no consensus for a 

specific compositional ratio, the expected ranges of desirable compositional ratios have 

been indicated in Figure 3.4a by different shadow regions. The compositional ratios of 

Zn/Sn and Cu/(Zn+Sn) for various Cu2ZnSn(S1-xSex)4 nanocrystals are slightly decreased, 

but the compositional ratio of Cu/Sn in Cu2ZnSn(S1-xSex)4 nanocrystals decreased with 

increasing the Se content in the Cu2ZnSn(S1-xSex)4 nanocrystals. Furthermore, Figure. 

3.4b shows the change in the S/(S+Se) and Cu/Sn compositional ratios for a series of 

Cu2ZnSn(S1-xSex)4 after the 570 oC sulfurization for 45 min. For the change in the 

S/(S+Se) compositional ratio, we can see that much of the Se in the as-synthesized 

Cu2ZnSn(S1-xSex)4 nanoparticles has been replaced by S during sulfurization, which 

suggests the occurrence of reaction 2 in the presence of S during heat treatment. On the 

other hand, it is found that the Cu2ZnSn(S1-xSex)4 film with x = 0 in Figure 3.3b is 

relatively thin compared to the others. It can be attributed to the formation of pores 

accompanying the grain regrowth and induced during the Se-S exchanging process. Since 

large amount of Se is replaced by gas phase S, it is expected to leave relatively large 

number of pores in the resulting film, leading to the volume expansion as shown in 

Figure 3.3c-f. Secondarily, the unit cell volume of Cu2ZnSn(S1-xSex)4 film is varied with 

the ratio of S to Se due to the larger volume of Cu2ZnSnSe4 unit cell compared to that of 

Cu2ZnSnS4, which also makes it reasonable to have the Cu2ZnSn(S1-xSex)4 films thick.  
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Figure 3.4. (a) compositional ratios of Cu2ZnSn(S1-xSex)4 nanocrystals with various 

Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0 after sulfurization at 570 oC for 45 

min; (b) change in S/(S+Se) and Cu/Sn compositional ratios in the Cu2ZnSn(S1-xSex)4 

nanocrystals with various Se/(S+Se) ratios of x = 0, 0.27, 0.52, 0.80, and 1.0 after 

sulfurization at 570 oC for 45 min; (c) conversion efficiency of superstrate-type 

configuration using a series of Cu2ZnSn(S1-xSex)4 nanocrystal precursors; and (d) J - V 

characteristics of the superstrate-type configuration of the Cu2ZnSnSe4 nanocrystal 

precursor after sulfurization. 
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For the change in the Cu/Sn compositional ratio, this implies the progression of 

the decomposition path of reaction 1, leading to the loss of Sn. On increasing the Se 

content in the Cu2ZnSn(S1-xSex)4 nanocrystals, the loss of Sn after the sulfurization can be 

suppressed. This can be explained by the addition of Se into the Cu2ZnSn(S1-xSex)4 

nanocrystals, stimulating the grain regrowth by the reaction involving the replacement of 

Se by S to suppress the decomposition path of reaction 1. Our results indicate the 

possibility of solving the issue of the secondary phases arising from the loss of Sn if the 

grain regrowth condition can be further optimized. According to Guo’s work,29 the 

occurrence of the loss of Sn during the selenization was also revealed. The change of the 

compositional ratio from the Cu2ZnSnS4 nanocrystals (Cu/Sn = 1.37, Cu/(Zn+Sn) = 0.70, 

Zn/Sn = 0.95) to the Cu2ZnSn(S,Se)4 resulting film (Cu/Sn = 1.66, Cu/(Zn+Sn) = 0.79, 

Zn/Sn = 1.11) agrees well with our finding of the loss of Sn in the nanocrystals during the 

sulfurization.  

As a proof-of-concept, the Cu2ZnSn(S1-xSex)4 nanocrystals after the sulfurization 

process were tested on the superstrate-type configuration of CdS/TiO2/ITO/soda-lime 

glass. The solar cells were illuminated through the ITO side of the substrate with a 100 

mWcm-2 white light illumination under AM 1.5 G conditions for measuring the solar cell 

current density-voltage (J - V) characteristics. To the best of our knowledge, we are the 

first group to demonstrate Cu2ZnSn(S,Se)4 absorbers on the superstrate-type 

configuration, which serves as a platform for us to investigate the sulfurization of  

Cu2ZnSn(S,Se)4 nanocrystals without being influenced by the effect of Mo(S,Se)2 and 

Na. The conversion efficiencies of superstrate-type configuration with a series of 

Cu2ZnSn(S1-xSex)4 nanocrystal precursors have also been evaluated as shown in Figure 

3.4c. The results suggest that our new device architecture has the ability to become a 

stable platform to test device performance while varying the properties of materials. An 
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open-circuit voltage (Voc) of 377 mV, short-circuit current density (Jsc) of 4.18 mAcm-2, 

fill factor (FF) of 41.37% for the sulfurization of Cu2ZnSnSe4 nanocrystals can be 

extracted from the J - V characteristics under 1 sun (AM 1.5 G) illumination, as shown in 

Figure 3.4d. Our superstrate-type device structure without using any binder in the ink 

exhibits comparable Voc and FF to the typical substrate-type device structure, when 

compared to the reported efficiencies of Cu2ZnSn(S,Se)4 nanocrystal-based absorber as 

listed in Table 3.1. When combining the results of Figure 3.4c with Figure 3.4a, we see 

that relatively higher conversion efficiency can be achieved only when the compositional 

ratios are closer to the expected ranges of desirable compositional ratios. The relatively 

high efficiency of the solar cell is due to a compact film with larger grain size, as shown 

in Figure 3.3f, and lower loss of Sn, as shown in Figure 3.4b, with increasing Se content 

in the Cu2ZnSn(S1-xSex)4 nanocrystals. However, the limitation of our device efficiency 

mainly by a relatively lower short-circuit current density could be attributed to the 

resulting Cu2ZnSn(S,Se)4 film consisting of relatively high porosity and roughness even 

after sulfurization, which are likely to increase charge trapping and recombination. Such 

defects could be mitigated by modifying the coating technique, such as adjusting the 

concentration of ink or adopting different organic solvents like alkanethiol to fabricate a 

robust precursor film.29  

In addition, it has been reported that the preferred dominant defects of 

Cu2ZnSn(S,Se)4 consists of VCu shallow acceptors. However, undesirable CuZn deep 

acceptors tend to occur most of the time.115 Besides, the increase in S content in the 

resulting Cu2ZnSn(S,Se)4 film is likely to have higher defect density, resulting in stronger 

recombination.116 This suggests that optimizing the band gap by tuning the ratio of S to 

Se is beneficial for producing higher efficiency devices in our system. Our 
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Cu2ZnSn(S,Se)4 film with x = 1.0 after sulfurization shows S-rich Cu2ZnSn(S,Se)4 with 

the Se/S+Se ratio of around 0.1, as shown in Figure 3.4a. 

 

Table 3.1. Reported efficiencies of Cu2ZnSn(S,Se)4 nanocrystal-based absorbers.27-29, 117 

 

 

This suggests that the conversion efficiency can further be raised by fabricating 

Se-rich Cu2ZnSn(S,Se)4 films by reducing the replaced amount of Se by S, which could 

be achieved by varying the amount of sulfur vapor during the heat treatment.16 As a 

result, it could reasonably be expected that the efficiency for the sulfurization of 

Cu2ZnSnSe4 in our supstrate-type configuration could be further enhanced by fabricating 

a robust precursor film and optimizing the Se/S+Se ratio in the Cu2ZnSn(S,Se)4 film.  

 

3.4 CONCLUSIONS  

In conclusion, we have demonstrated Cu-poor and Zn-rich Cu2ZnSn(S1-xSex)4 

nanocrystals with varying S to Se ratios, synthesized and altered by a facile hot-injection 

approach using only the oleylamine reagent. The evolution of Cu2ZnSn(S1-xSex)4 

nanocrystals to Cu2ZnSn(S1-xSex)4 film was investigated for the first time via tuning the 

ratio of Se to S in Cu2ZnSn(S1-xSex)4 nanocrystals followed by a sulfurization step. It was 
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found that minimizing the possibility for the loss of Sn during the heat treatment and 

producing a compact film with large grain size are beneficial for the device performance. 

Accordingly, a novel low-cost superstrate-type device architecture has been demonstrated 

offering an opportunity for the Cu2ZnSn(S,Se)4 system to circumvent challenges in the 

existing substrate-type architecture, such as decomposition of Cu2ZnSn(S,Se)4 and  a 

possible Schottky barrier at the Mo/Cu2ZnSn(S,Se)4 interface. 
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Chapter  4: Low-cost CZTSSe solar  cells fabr icated with low band 
gap CZTSe nanocrystals, environmentally fr iendly binder , and non-

vacuum processes†

4.1 INTRODUCTION  

 

Colloidal semiconductor nanocrystals have been one of the promising solutions to 

achieve the ultimate goal of low-cost, high-efficiency solar cells due to the advantages of 

efficient utilization of materials, excellent capability for precisely controlled 

compositions, and large-scale manufacturing processes.1 Recently, successful application 

of semiconductor nanocrystals such as CdTe, CIGS, and PbS to photovoltaic devices has 

been demonstrated to assure their potential.118-120 However, with the targeted deployment 

of solar cells reaching the terawatt scale, those materials adopting the rare or unfriendly 

elements would become a crucial issue.121 The environmentally benign and earth 

abundant kesterite-related Cu2ZnSnS4 (CZTS), Cu2ZnSn(S1-xSex)4 (CZTSSe), and 

Cu2ZnSnSe4 (CZTSe) materials with high absorption coefficients become promising 

absorbent candidates for the next generation solar cells to meet the terawatt scale solar 

demand.7, 122 Recently, many efforts have been made with the syntheses of CZTS, 

CZTSe, and CZTSSe nanocrystals.27, 112 However, it is challenging to make high quality 

films to promote the transport of electron and hole for producing high-efficiency p-n 

junction solar devices.  

An efficiency of 0.8% was demonstrated using CZTS nanocrystals followed by a 

selenization process, and such an approach has become a prevailing route for making 

CZTSSe solar cells.28 With further improvements in coating the film by adopting 

hexanethiol solvent, a higher efficiency of 6.73% has been achieved by the same group.29 

                                                 
† C.-L. Wang and A. Manthiram, “Low-cost CZTSSe solar cells fabricated with low band gap CZTSe nanocrystals, environmentally 
friendly binder, and non-vacuum processes,” ACS Sustainable Chemistry & Engineering 2, 561-568 (2014). C.-L. Wang carried out 
the experimental work. Dr. A. Manthiram supervised the project. 
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However, the utilization of toxic and unfriendly solvents such as toluene or hexanethiol 

to disperse the nanocrystals is not environmental friendly. Unfortunately, only a few 

studies have focused on green and sustainable solvents for preparing the CZTSSe 

nanocrystal-based ink. Simultaneously, the typical selenization process by inefficiently 

using a large amount of rare Se element (with only 0.05 ppm in the earth’s crust) during 

heat treatment makes it challenging to meet the terawatt scale demand of solar cells.123 In 

addition, the active Se during heat treatment not only easily creates an unwanted layer of 

MoSe2 at the interface but also causes undesirable effects on the device performance, 

leading to difficulties in controlling the manufacturing process.106 In contrast to the 

traditional route for CZTSSe involving the inefficient and harsh chemical reaction 

processes associated with Se, an alternative route for CZTSSe involving the sulfurization 

of the fabricated precursor CZTSe nanocrystals with the abundant and mild S element 

could enhance the commercial viability of CZTSSe solar cells. Unfortunately, only few 

studies have focused on this route. 

Accordingly, we demonstrate here a new route to make the CZTSSe films by 

using the low band gap CZTSe nanocrystals, synthesized by a hot-injection approach, 

followed by a sulfurization process. The effect of S doping into CZTSe nanocrystals 

during heat treatment is also investigated by varying the sulfurization temperature from 

480 to 570 °C. Furthermore, ethyl cellulose, which can replace the toxic and unfriendly 

solvent of toluene or hexanethiol, is used as a binder in the film preparation process with 

CZTSe nanocrystals. In order to investigate the role of ethyl cellulose in the evolution of 

nanocrystals into films, a low-cost superstrate-type substrate is adopted to evaluate the 

conversion efficiency.  
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4.2 EXPERIMENTAL  

4.2.1 Synthesis of Cu2ZnSnSe4 nanocrystals 

The CZTSe nanocrystals were produced by a hot-injection approach. Cationic 

precursors of Cu, Zn, and Sn were selected from copper(II) acetylacetonate [Cu(acac)2], 

zinc acetate [Zn(O2CCH3)2], and tin(II) chloride dihydrate [SnCl2.2H2O], respectively. In 

a typical synthesis, a mixed solution of 1.61 mmol of copper(II) acetylacetonate, 1.3 

mmol of zinc acetate, and 1.0 mmol of tin(II) chloride dehydrate with 30 mL of 

oleylamine was heated up first. A 10 mL of oleylamine solution with elemental Se was 

injected into the mixed solution at 200 oC. Then, the solution mixture was heated to 250 

oC with a holding time of 1 h. After cooling to room temperature, the product was 

precipitated into methanol and washed with isopropyl alcohol/hexane three times to 

remove the residual oleylamine.  

 

4.2.2 Fabr ication of solar  devices 

The conversion efficiency of the solar devices was examined with a low-cost and 

Mo(S,Se)2-free superstrate-type substrate of CdS/TiO2/ITO/soda-lime glass with a layer 

(30 nm) of anatase TiO2 synthesized by a sol-gel method at 450 oC and a buffer layer 

(100 nm) of CdS prepared by a chemical bath deposition (CBD) method at 65 oC on a 

commercial ITO substrate, purchased from Nanocs (Product No. ITO-0021-50).117 No 

antireflectance coating of MgF2 was used. A gold electrode prepared by a thermal 

evaporator was used to define an active area of 0.1 cm2
. The heating filament was loaded 

with a high-purity gold wire with 0.5 mm in diameter and 5 cm in length. Two inks were 

prepared for the spin-coating process. Although the nanocrystals could be well dispersed 

in a nonpolar solvent, the toxicity or high volatility of most of the nonpolar solvents make 
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it challenging to prepare a scalable and uniform film with the spin-coating process. 

Therefore, the environmentally friendly and safe solvent ethanol with relatively low 

volatility was chosen for the spin-coating process. Besides, in order to investigate the 

effect of the binder on the ink, ethyl cellulose with more than 46-48 % ethoxyl groups 

that freely dissolve in ethanol was used. The first ink was prepared by dispersing 10 mg 

of CZTSe in 0.8 mL of ethanol by ultrasonication for 20 min. The other ink was prepared 

by dispersing 10 mg of CZTSe in a premixed solution of 0.8 mL of ethanol with 0.3 mg 

of ethyl cellulose by ultrasonication for 20 min. After spin-coating onto the superstrate-

type substrate, the as-prepared film (ink without ethyl cellulose) and the composite film 

(ink with ethyl cellulose) were treated by a sulfurization process from 480 to 570 oC for 

45 minutes. The sulfurization process was performed by placing the samples in a graphite 

box with sulfur powder under an argon flow. Once the tubular furnace was preheated to a 

desirable temperature, the whole graphite box was immediately moved to the heating 

region to provide a fast ramping rate and mitigate the effect of potential diffusion at the 

interface. An etching process with dilute HCl (hydrochloric acid) solution was applied 

before thermally depositing the gold back contact.124  

 

4.2.3 Character ization of Mater ials  

The CZTSe sample was characterized with a Philips X-ray diffractometer (XRD) 

with Cu Kα radiation. The band gap of CZTSe was determined by a Cary 5000 UV-Vis- 

NIR equipment. The CZTSe nanocrystals dispersed in hexane were used for UV- Vis 

absorption measurement to avoid the extra signals from those dispersed in a premixed 

solution of ethanol and ethyl cellulose. The Raman spectra were acquired with a 

Renishaw inVia Raman Microscope using 532 nm laser excitation at a 50 X objective. 
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The in-plane and cross-sectional images were collected with a FEI Quanta 650 scanning 

electron microscope (SEM). The compositional analyses collected with energy-dispersive 

X-ray spectroscopy (EDS) were carried out with a JEOL5610 SEM. Thermogravimetric 

analysis (TGA) was performed with a Perkin Elmer TGA 7 with 5 oC per minute heating 

rate under a flow of argon. The current density-voltage (J - V) characteristics under air 

mass 1.5 global (AM 1.5 G) conditions with a solar simulator using a 100 mWcm-2 light 

illumination were measured with a Keithley 2400 equipment. The conversion efficiencies 

of all solar cells based on a superatrate-type substrate were assessed with the light 

illuminating into the ITO side of the substrate. Silver paste was used to reduce the contact 

resistance between ITO and the wire.   

 

4.3 RESULTS AND DISCUSSION  

Figure 4.1a shows the X-ray diffraction (XRD) pattern of the as-synthesized 

CZTSe nanocrystals, which matches well with all the diffraction peaks in the Joint 

Committee on Powder Diffraction Standards (JCPDS) card 52-0868. The CZTSe unit cell 

has lattice constants of a = 5.64 Ả and c = 11.20 Ả with a volume of 356.26 Ả3, which is 

larger than the 319.50 Ả3 of CZTS because of the larger radius of Se (0.198 nm) 

compared to that of S (0.184 nm). According to the Debye-Scherrer analysis, the as-

synthesized CZTSe nanocrystals have an average crystallite size of 20 nm. Raman 

spectroscopic analysis in Figure 4.1b also indicates that the as-synthesized nanocrystals 

can be identified with the main peaks of 196 and 231 cm-1 in CZTSe crystallite structure. 

A small deviation between 193 and 196 cm-1 may be attributed to the uneven surface 

scattering. Furthermore, Figure 4.1c shows the absorbance of as-synthesized CZTSe 

nanocrystals as a function of the wavelength. It can be found that the CZTSe nanocrystals 
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possess a low energy band gap of 1.05 eV, as determined from the UV- vis absorption 

spectrum, shown in the upper inset of Figure 4.1c, which is consistent with the previous 

literature.125  

 

 

Figure 4.1. (a) XRD patterns of as-synthesized CZTSe nanocrystals, (b) Raman 

spectroscopic analyses of as-synthesized CZTSe nanocrystals, (c) UV-Vis absorption 

spectrum of as-synthesized CZTSe nanocrystals, and (d) color of the vial containing the 

CZTSe nanocrystals dispersed in ethanol with and without ethyl cellulose after the 

standing for a period of 5 min, 12 h, and 24 h. The inset in (c) shows a band gap of 1.05 

eV for the as-synthesized CZTSe nanocrystals, determined by a plot of (αhυ)2 as a 

function of hυ.  
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These analyses show that a single phase of CZTSe nanocrystals with a low energy 

band gap of 1.05 eV has been synthesized by the hot-injection approach. In addition, in 

order to compensate for the potential loss of Sn during heat treatment, the as-synthesized 

CZTSe nanocrystals with cation ratios of Zn/Sn = 0.99 and Cu/(Zn+Sn) = 0.72, analyzed 

by EDS, is suitable for fabricating Cu-poor and Zn-rich CZTSSe solar cells. In addition, 

the effect of ethyl cellulose on CZTSe nanocrystals was evaluated by dispersing the 

nanocrystals in ethanol with and without ethyl cellulose as shown in Figure 4.1d. After a 

period of 12 h, the middle segment in Figure 4.1d shows that some of the nanoparticles 

dispersed in ethanol have settled at the bottom compared to that dispersed in ethanol with 

ethyl cellulose. After a period of 24 h, the color of the supernatant liquid in the vial with 

the nanoparticles dispersed in ethanol has become almost clear as seen in the right 

segment of Figure 4.1d because all the nanocrystals have settled at the bottom. In 

contrast, the color of the dispersion in ethanol with ethyl cellulose remains black, 

indicating the beneficial role played by ethyl cellulose for producing a stable ink.   

Figure 4.2 shows the SEM images of the as-prepared CZTSe films with or 

without ethyl cellulose after the sulfurization treatment. The morphology of the CZTSSe 

film with the use of ethyl cellulose after sulfurization at 480 oC in Figure 4.2a shows a 

feature of better grains in comparison to the film obtained without using ethyl cellulose in 

Figure 4.2b. Besides, the cross-sectional SEM images indicate the film using ethyl 

cellulose shows larger grain size at 550 oC in Figure 4.2c, as compared to that without 

ethyl cellulose at 570 oC in Figure 4.2d. Such induced grain growth at a relatively low 

temperature for the film with the aid of ethyl cellulose could be attributed to the bridging 

together of the CZTSe nanocrystals by the polymer, leading to the precursor film with a 

higher packing density beneficial for the grain growth. 
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Figure 4.2. Plane-view SEM images of CZTSe nanocrystals (a) with ethyl cellulose and 

(b) without ethyl cellulose after sulfurization at 480 oC. Cross-sectional SEM images of 

CZTSe nanocrystals (c) with ethyl cellulose after sulfurization at 550 oC and (d) without 

ethyl cellulose after sulfurization at 570 oC. 

 

 

 

 

 



 51 

In order to further understand the role of ethyl cellulose during the sulfurization 

treatment, TGA experiment was carried out. Figure 4.3a shows the weight loss of the 

ethyl cellulose with temperature. As seen, the 1st decomposition of ethyl cellulose begins 

at about 150 oC, the 2nd weight loss occurs at about 300 °C, and < 1 % weight of ethyl 

cellulose remains when the temperature is above 410 oC. It indicates that ethyl cellulose 

possesses the inherent properties of low ash and easy removal, which is suitable for the 

additive binder in the ink. However, it has been reported that the existence of large 

amount of residual amorphous carbon layer at the bottom interface between Mo and 

CuInSe2 (CIS) causes a negative effect on the device performance while adding the 

polymer as a viscosity controlling agent in the typical metal salts ink to prepare CIS 

absorbent films.126, 127 Such problems can be understood by considering that the 

decomposition path of ethyl cellulose after the heat treatment may be hindered by the 

upper dense layer with the early formation of CIS crystallite film, which results in a 

double-layer structure consisting of the incomplete removal of ethyl cellulose left at the 

bottom of the resulting film and the crystallite film at the top. As compared to the film 

prepared by the typical metal salts ink, our film prepared by nanocrystals-based ink with 

the ethyl cellulose additive shows a single-layer structure without residual carbon layer at 

the interface between CZTSSe and CdS, as shown in Figure 4.3b, which indicates all the 

carbon from the ethyl cellulose could be effectively removed through the existence of 

pores between the nanocrystals. Thus, it can be found in Figure 4.3c and d, which were 

obtained with our nanocrystal ink without and with ethyl cellulose after sulfurization at 

480 oC, that both show microstructures consisting of pores.   

Furthermore, the EDS analysis, as shown in Figure 4.3e, indicates the amount of 

S doped into the film (or the change in the compositional ratios of S/(S+Se)) without and 

with ethyl cellulose as a function of sulfurization temperature. The sulfurization process 
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was carried out by placing the samples with 2 mg sulfur powder in a graphite box with a 

volume of 6.25 cm3 under argon flow. The approximate pressure of S vapor during heat 

treatment as a function of temperature is also shown in Figure 4.3e, all of which are 

higher than the required value to stabilize the formation of CZTS.101 Although the 

pressure of S vapor increases with temperature, the observation of a nearly constant ratio 

of the change of S/(S+Se) around 0.6 in a large range of 480 to 570 oC would suggest that 

the amount of S doped into the CZTSe can be controlled during the sulfurization process. 

Besides, it can be found that the amount of S doped into the CZTSe can be tuned from 

ΔS/(S+Se) = 0.89 (Figure 3.4a) to around 0.6 by reducing 10 mg to 2 mg sulfur powder 

in a graphite box.     

 Such a doping path by replacing Se in CZTSe by S in the sulfurization can be 

referred to the following reaction:   

 

Cu2ZnSnSe4 (s) + 2 S2 (g)    Cu2ZnSnS4 (s) + 2 Se2 (g)    

 

Additionally, the role played by ethyl cellulose on the film quality during the 

grain growth process was further investigated and understood via the compositional 

change. In Figure 4.3f, the EDS analysis indicates the compositional change in Sn/Cu 

ratio as a function of the sulfurization temperature for the films with or without ethyl 

cellulose. The film without ethyl cellulose shows significant variations of the change in 

Sn/Cu ratio, while that with ethyl cellulose shows minor variations, indicating that ethyl 

cellulose can suppress the loss of Sn. Nevertheless, in order to understand the reaction 

pathway associated with the loss of Sn during the grain growth process, Raman 

spectroscopy was utilized for characterizing the CZTSSe film after the sulfurization. It is 

known that the major Raman peaks of pure CZTSe at 196 cm-1 and pure CZTS at 338 cm-
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1 are attributed to the A1 anion vibration mode of the lattice, which corresponds to the 

vibration of Se (and S) relative to the fixed surrounding atoms. Such a variation in the 

major A1 mode vibration with increasing ratio of Se to S leads to Raman shifts towards a 

smaller wave number while Se atoms are incorporated into CZTS at different levels. A 

bimodal behavior with major peaks shifting to the location between 196 cm-1 and 338 cm-

1 is usually observed.128  
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Figure 4.3. (a) TGA plots of ethyl cellulose and (b) cross-sectional SEM images of 

CZTSe nanocrystals with ethyl cellulose after sulfurization at 480 oC. Low magnification 

plane-view SEM images of CZTSe nanocrystals (c) without ethyl cellulose and (d) with 

ethyl cellulose after sulfurization at 480 oC. Changes in the compositional ratios of (e) 

S/(S+Se) and (f) Sn/Cu in the CZTSe nanocrystals as a function of sulfurization 

temperature.  
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Figure 4.4a (and b) shows the Raman analyses of devices obtained without (and 

with) using ethyl cellulose as a function of sulfurization temperature from 480 to 570 oC. 

As seen, shifting of two major peaks occurs, from 213 cm-1 (209 cm-1) and 324 cm-1(323 

cm-1) to 216 cm-1 (216 cm-1) and 325 cm-1(325 cm-1), which are attributed to the change 

in the lattice vibrations on incorporating S into CZTSe. Besides, the XRD analysis of the 

CZTSSe devices with and without ethyl cellulose after sulfurization at 550 oC, as shown 

in Figure 4.5, indicates that the three main diffraction peaks of CZTSe also shift to higher 

angles due to the replacement of larger Se (0.198 nm) by smaller S (0.184 nm) during the 

sulfurization process, which is consistent with the peak shifts in the Raman analysis. 

These results are consistent with previous studies, showing the shifts in the XRD peaks 

and in the two Raman peaks of CZTSSe with the ratio of S/(S+Se) (210 and 329 cm-1 for 

S/(S+Se) = 0.4).7  
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Figure 4.4. Raman spectroscopic analyses of the CZTSSe films fabricated with the 

CZTSe nanocrystals (a) without ethyl cellulose and (b) with ethyl cellulose as a function 

of sulfurization temperature. Raman peak locations of the compounds can be found in the 

literature. 7, 128-132 

However, a weak peak at 490 cm-1 corresponding to Cu2S in the Raman spectrum 

of Figure 4.4a, which cannot be detected by XRD, is found from the sulfurization 

temperature of 480 to 550 oC, which then disappeared after 570 oC. This indicates that a 

Cu2S secondary phase forms in the film when no ethyl cellulose is used and it exists 

during the grain growth process until the sulfurization temperature of 570 oC is reached. 

On the other hand, Figure 4.4b reveals that the 490 cm-1 peak corresponding to Cu2S 

disappeared after the sulfurization temperature of 550 oC when ethyl cellulose is used. 

This finding is similar to Mainz et al.’s work associated with the selenization process of 

CZTS nanocrystals that tend to form copper selenide by an initial intermediate separation 
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of the cations at the surface, followed by the diffusion of Zn and Sn to form CZTSSe.133 

As a result, the lower loss of Sn from the film with ethyl cellulose than that without ethyl 

cellulose, as recognized from Figure 4.3f, can be explained to be due to a high packing 

density of the film to facilitate the diffusion of Zn and Sn to convert into CZTSSe. On the 

contrary, the film without ethyl cellulose is more prone to the evaporation of Sn(S,Se) gas 

phase before compiling together, leading to a large amount of Sn loss from the film. Once 

the loss of Sn is too large, not only the desirable composition of CZTSSe with Cu-poor 

and Zn-rich condition cannot be realized, but also the removal of the unwanted Cu2(S,Se) 

become difficult. No detectable Raman peak of Zn(S,Se) may be attributed to the 

removal of Zn-rich compounds during the HCl etching process.124 

In order to investigate the effectiveness of our route, the conversion efficiencies 

of CZTSSe solar devices prepared with the CZTSe nanocrystals with and without ethyl 

cellulose as a function of sulfurization temperature were evaluated. With increasing 

sulfurization temperature, not only Voc in Figure 4.6a but also Jsc in Figure 4.6b for the 

devices with and without ethyl cellulose can be raised. Such enhancement of Voc and Jsc 

can be attributed to the reduced defects of CZTSSe during the grain growth process. 

On the other hand, it is worth noting that Figure 4.6c shows that the values of FF 

for the films without ethyl cellulose decrease with increasing sulfurization temperature, 

but those with ethyl cellulose are much higher than those without ethyl cellulose at higher 

temperature. It can be explained that the ethyl cellulose additive in the CZTSSe film 

could not only effectively improve the film quality by promoting the grain growth as 

suggested by Figure 4.2 but also suppress the Cu2S phase by mitigating the loss of Sn as 

explained by Figure 4.4b. Furthermore, as compared to the previous reports showing low 

FF (~35%) with ethyl cellulose,126, 127 our device using ethyl cellulose with a higher FF 

(>40%) may be attributed to the complete removal of ethyl cellulose as shown in Figure 
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4.3b.134 As a result, it is believed that the ethyl cellulose additive in the nanocrystal-based 

ink would play a crucial role in tuning the CZTSSe film quality during the sulfurization 

treatment.  

 

 

 

Figure 4.5. XRD patterns of (a) as-prepared CZTSe nanocrystals, and CZTSe 

nanocrystals (b) without ethyl cellulose and (c) with ethyl cellulose after the sulfurization 

at 550 oC on a superstrate-type substrate of CdS/TiO2/ITO/soda-lime glass.  
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Figure 4.6d illustrates the conversion efficiency of solar devices with and without 

using ethyl cellulose as a function of sulfurization temperature. It shows that doubling of 

the conversion efficiency can be achieved by increasing the temperature from 480 to 570 
oC for both cases with and without ethyl cellulose, demonstrating that the modification of 

CZTSe nanocrystals by sulfurization treatment is applicable for promoting the quality of 

CZTSSe film. Besides, the efficiency of the device with ethyl cellulose is higher than that 

without ethyl cellulose after the sulfurization at 520 oC, which can be attributed to the 

removal of ethyl cellulose from the film. Figure 4.6e shows that our preliminary 

conversion efficiency of 1.11% with a Voc of 363 mV, Jsc of 6.83 mAcm-2, and FF of 

44.72% has been achieved by using CZTSe nanocrystals and the ethyl cellulose binder 

after the sulfurization process at 550 oC, compared to an efficiency of 1.00% with a Voc of 

353 mV, Jsc of 7.75 mAcm-2, and FF of 36.66% without using ethyl cellulose binder after 

the sulfurization process at 570 oC. (The error bar in efficiency is estimated to be ±0.02%) 

Such an improvement of 11% in the conversion efficiency can be attributed to the 

prevention of the unwanted Cu2S secondary phase from the film at a lower sulfurization 

temperature of 550 oC by using ethyl cellulose.  
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Figure 4.6. (a) Voc of CZTSe nanocrystals with and without ethyl cellulose as a function 

of sulfurization temperature. (b) Jsc of CZTSe nanocrystals with and without ethyl 

cellulose as a function of sulfurization temperature. (c) FF of CZTSe nanocrystals with 

and without ethyl cellulose as a function of sulfurization temperature. (d) Conversion 

efficiency of CZTSe nanocrystals with and without ethyl cellulose as a function of 

sulfurization temperature. (e) J - V characteristics of CZTSSe solar device with ethyl 

cellulose after sulfurization at 550 oC as marked by red line and without ethyl cellulose 

after sulfurization at 570 oC as marked by black line. The dashed lines correspond to the 

dark J - V curves. (f) Cross-sectional SEM image of CZTSe nanocrystals with ethyl 

cellulose after sulfurization at 550 oC.   
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Table 4.1 summarizes all reported efficiencies for CZTSSe fabricated by 

nanocrystal-based approaches. Compared to the previous work on CZTSSe fabricated by 

CZTS nanoparticles (without using malodorous hexanethiol) followed by a selenization 

process on the typical Mo substrate structure, our efficiency of 1% with a superstrate-type 

substrate shows its promise with the comparable values of FF = 36.66% and Voc = 353 

mV. The increase in the conversion efficiency of the superstrate-type devices with the 

sulfurization temperature from 480 to 570 oC (Figure 4.6d) could suggest that the effect 

of the diffusion of CdS into the absorbent layer appear minor, even though the small 

amount of the diffusion of Cd into CZTSSe slightly increases with the sulfurization 

temperature as shown in Figure 4.7a. It can explain the existence of the CdCu defect via 

the diffusion of Cd into CZTSe to form the embedded n-type layer at the interface, which 

is beneficial for the device performance.135 Furthermore, our fabrication method using 

CZTSe nanocrystals as the initial precursor also tends to mitigate the interdiffusion 

between CdS and the absorbent layer due to the relatively strong bonding between atoms 

in the crystallite structure, which differs from the previous post-annealing or co-

evaporation approaches by using active metal or elemental gases as the initial 

precursors.136, 137 On the other hand, the diffusion of Ti and In into CZTSSe cannot be 

detected as shown, respectively, in Figures 4.7b and 4.7c. It indicates that TiO2 film in 

the superstrate-type substrate is sufficient to block not only the diffusion of In from ITO 

into CdS but also the diffusion of Cd or S from CdS into ITO. These results of our device 

performance indicate that the superstrate type substrate has high potential to become a 

sustainable substrate for low-cost CZTSSe solar cells.  
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Figure 4.7. The content of (a) Cd, (b) Ti, and (c) In in the CZTSSe as a function of 

sulfurization temperature.  
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However, the high conversion efficiency of CZTSSe achieved by using 

hexanethiol, as given in Table 4.1, suggests that our initial device performance with a low 

short-circuit current (7.75 mA cm-2 for ethanol and 6.83 mA cm-2 for ethyl cellulose) 

could be further raised by fabricating a robust film to improve the transport properties of 

electrons and holes.  

 

Table 4.1. Reported efficiencies of Cu2ZnSn(S,Se)4 nanocrystal-based absorbers.27-30, 138 

 
* EC refers to ethyl cellulose.  

Figure 4.6f shows the cross-sectional microstructure of enlarged grains with low 

density, caused by the removal process of ethyl cellulose during the sulfurization, which 

results in an increase in the recombination rate at the grain boundaries. This suggests that 

it is highly possible to reduce the short circuit current and a compact film with larger 

grain size is required for high efficiency CZTSSe solar devices. This problem is likely to 

be addressed by improving the device-making processes through the optimization of the 

de-binder process in the heat treatment to further promote the film quality.  
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4.4 CONCLUSIONS  

We have demonstrated a low-cost, environmentally friendly, scalable route for 

making CZTSSe films using CZTSe nanocrystals, synthesized by a hot injection 

approach, followed by a mild sulfurization process. The solar devices with the CZTSSe 

film exhibit apparent improvements in Voc and Jsc, suggesting this mild sulfurization 

process can offer device properties comparable to that achieved with the typical harsh 

selenization process. In addition, with the addition of ethyl cellulose binder into the ink, 

the evolution of CZTSe nanocrystals into CZTSSe film is promoted, while the loss of Sn 

during the evolution is suppressed, which are beneficial for increasing FF and 

manipulating the preferred composition. However, the cross-sectional SEM image 

suggests there is still room for the improvement of the microstructure and a compact film 

with larger grain size is required for high efficiency CZTSSe solar devices. 
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Chapter  5: Template-free TiO2 hollow microspheres embedded with 
SnO2 nanobeans as a versatile scatter ing layer  for  dye-sensitized solar  

cells 

5.1 INTRODUCTION  

The excellent characteristics of dye-sensitized solar cells (DSSCs) with short 

energy-payback time, simple assembly, and eco-friendly features make them a 

potential option to utilize renewable energy. Since the remarkable breakthrough made 

by Grätzel, the basic sandwich structure consisting of a nanoparticle TiO2 

photoanode, 𝐼−/𝐼3− electrolyte, and a Pt counter electrode has been adopted as the 

main concept to pursue high-efficiency DSSCs.139 Recently, a novel bilayer structural 

design composed of a light-scattering layer and a nano-sized transparent layer has 

become one promising way to effectively promote the device performance by 

enhancing the light absorption.91 Different shapes within the scattering layer, such as 

nanorods, hollow spheres, mirror-like structures, have been explored.140-146  

However, a good scattering layer requires a submicron- or micron-scale size to 

effectively scatter the visible light, which sacrifices the surface area (less dye 

loading). Another challenge persisting with the typical TiO2 photoanode is the low 

electron mobility (0.1 – 1.0 cm2 V-1 S-1), which severely increases the electron 

recombination with a submicron- or micron-scale thickness.147 Thus, the development 

of a versatile scattering layer with a multi-functional structure to satisfy all the needs 

(dye loading, light scattering, and electron transport) of a DSSC is becoming critical.  

Recently, much attention has been focused on hollow sphere structures due to 

their exploitable interior spherical space and controlled structure for DSSC 

applications.148 For instance, the core-shell structure of Au surrounded with a TiO2 

hollow sphere was devised to eliminate the photo-induced hole by the Au 
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nanoparticles and suppress electron recombination.149 In addition, utilization of multi-

shelled hollow spheres takes advantage of the multi-interior spheres to simultaneously 

enhance the dye loading and efficiency of light scattering.97 Unfortunately, these 

studies involving expensive elemental gold or template-based synthesis routes make 

them difficult to adapt for large-scale and low-cost manufacturing.  

In this chapter, we present a facile, template-free synthesis route for TiO2 

hollow submicrospheres embedded with SnO2 nanobeans for use as a versatile 

scattering layer in DSSC. The hollow spherical structure is designed to increase the 

light absorption by multiple light scattering. Unlike the Au@TiO2 core-shell 

microstructure, the low-cost and high mobility SnO2 (100 – 200 cm2 V-1 S-1) with 

long-term stability under ultraviolet radiation is decorated with TiO2 hollow 

submicrospheres for improving the electron transport. Furthermore, the embedding of 

SnO2 nanobeans in TiO2 hollow submicrospheres increases the dye loading by 

increasing the surface area.  

 

5.2 EXPERIMENTAL  

5.2.1 Synthesis of SnO2  

SnO2 was fabricated by a hydrothermal synthesis. In a typical synthesis, a solution 

of 0.216 g K2SnO3·3H2O and 1.35 g urea was added into a solution of ethanol and water 

(1:1) contained in a 100 mL Teflon liner sealed with the autoclave and subjected to heat 

treatment at 180 oC for 18 h in an oven. After washing with ethanol and water, the SnO2 

powder was heated at 500 oC for 3 h air. The SEM images of SnO2 are shown in Figure 

5.1.  
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5.2.2 Synthesis of TiO2 hollow submicrospheres  

The TiO2 hollow submicrospheres were fabricated with a facile template-free 

solvothermal synthesis. In a typical synthesis of TiO2 hollow submicrospheres, a solution 

containing tetra-n-butyl titanate (2.33 mmol), ethanedioic acid (0.013 mol), and isopropyl 

alcohol (66.67 mL) was dropped in a 100 mL Teflon liner sealed with the autoclave and 

subjected to heat treatment at 180 oC for 6 h in an oven. Subsequently, the TiO2 hollow 

submicrospheres after washing with ethanol and water several times were collected and 

dried for 5 h at 100 oC in a vacuum oven. The powder was heated at 500 oC for 3 h under 

air atmosphere before preparing the paste for doctor blade coating. The SEM images of 

TiO2 hollow submicrospheres are shown in Figure 5.2. 

 

5.2.3 Synthesis of nanobean SnO2-embedded TiO2 hollow submicrospheres 

The embedding of SnO2 nanobeans in TiO2 hollow submicrosphere was 

performed with hydrothermal synthesis. In a typical synthesis, 200 mg of as-prepared 

TiO2 hollow submicrospheres in a solution of ethanol and water (1:1) was added into a 

solution of 0.216 g K2SnO3·3H2O and 1.35 g urea in a 100 mL Teflon liner sealed with 

the autoclave and subjected to heat treatment at 180 oC for 18 h in an oven. After washing 

with ethanol and water, the SnO2-embedded TiO2 hollow submicrospheres were heated at 

500 oC for 3 h in air. The SEM images of nanobean SnO2-embedded TiO2 hollow 

submicrospheres are shown in Figure 5.3.   
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Figure 5.1. High and low magnification SEM images of SnO2. 

 

 

Figure 5.2. High and low magnification SEM images of TiO2 hollow submicrospheres. 

 



 69 

 

Figure 5.3. High and low magnification SEM images of nanobean SnO2-embedded TiO2 

hollow submicrospheres.   

 

5.2.4 Assembly of DSSCs 

The bilayer film-stack photoanode consisting of a scattering layer and a 

transparent layer was fabricated on fluorine doped tin oxide (FTO) glass substrate. The 

paste for the transparent layer was prepared with 1 g of P25 TiO2 powder, 0.2 mL of 

acetic acid, 3 g of terpineol, 0.5 g of ethyl cellulose, and 10 mL of ethanol. The other 

paste for the scattering layer was prepared with 50 mg of the SnO2 (TiO2 hollow 

submicrospheres or nanobean SnO2-embedded TiO2 hollow submicrospheres) powder, 

150 mg of terpineol, 25 mg of ethyl cellulose, and 0.5 ml of ethanol. A transparent layer 

of ~ 10 µm and a scattering layer of ~ 4 µm were achieved by multiple doctor blade 

coatings with, respectively, the P25 TiO2 paste and SnO2 (the TiO2 hollow 

submicrospheres or nanobean SnO2-embedded TiO2 hollow submicrospheres) paste, 

followed by a heat treatment for 15 min at 500 °C. The sample was then immersed in 40 
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mM of an aqueous TiCl4 solution at 70 °C for 30 min, followed by heat treatment for 15 

min at 520 °C to grow a thin TiO2 layer on the surface. Cross-sectional images of the 

three photoanodes composed of the scattering layers (SnO2, TiO2 hollow 

submicrospheres, and nanobean SnO2-embedded TiO2 hollow submicrospheres) on the 

nano-sized TiO2 transparent layer are shown in Figure 5.7-9. Subsequently, a 0.5 mM 

solution of N719 dye (acetonitrile and tert-butyl alcohol = 1:1) was prepared for dye 

adsorption and the photoanodes were immersed for 16 h. The Pt counter electrode was 

synthesized with a 5 mM H2PtCl6 isopropanol solution onto a FTO glass substrate at 400 

°C for 15 min. Then, the sensitized photoanode and the counter electrode were assembled 

with the electrolyte to construct the DSSC cell. The ingredients of the as-prepared 

electrolyte contained 0.6 M of 1-methyl-3-propylimidazolium iodide (PMII), 0.05 M of 

lithium iodide (LiI), 0.03 M of iodine (I2), 0.1 M of guanidinium thiocyanate (GuNCS), 

and 0.5 M of 4-tert-butyl-pyridine (tBP) in a mixture of acetonitrile and valeronitrile 

(85:15 in volume ratio). The current density-voltage characteristics of DSSCs with a 

defined area of 0.12 cm2
 were measured under AM 1.5 G illumination with a solar 

simulator using 100 mW cm-2.  

 

5.2.5 Character ization of Mater ials 

The crystal structure of the scattering materials were characterized by a Rigaku X-

ray diffractometer (XRD) and JEOL 2010F transmission electron microscope (TEM). 

The morphologies and the elemental mapping of the materials were collected with a 

Hitachi S5500 scanning electron microscope (SEM)/scanning transmission electron 

microscope (STEM) equipped with energy dispersive spectroscopy (EDS). The surface 

area and pore-size distributions were measured by the Brunauer-Emmett-Teller (BET) 
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method with an automated gas sorption analyzer (AutoSorb iQ2, Quantachrome 

Instruments). Diffuse reflectance spectra were recorded with a Varian Cary 500 UV-Vis-

NIR instrument equipped with an integrating sphere of a Labsphere DRA-CA-5500. The 

amount of dye adsorption was acquired with a Cary 5000 UV-Vis-NIR spectrometer. The 

electrochemical properties were analyzed by electrochemical impedance spectroscopy 

(EIS) data collected with a program-controlled Solartron SI 1287 and SI 1260 instrument. 

  

5.3 RESULTS AND DISCUSSION  

 

 

Figure 5.4. 2-D schematic diagram showing the formation of nanobean SnO2-embedded 

TiO2 hollow submicrospheres (HS). 

 

Figure 5.4 shows the 2-D schematic diagram for the formation of the SnO2-

embedded TiO2 hollow submicrospheres (SnO2-embedded TiO2 HS). The template-

free TiO2 hollow submicrospheres (TiO2 HS) were first fabricated with an inside-out 

Ostwald ripening process.150 Subsequently, the TiO2 HS were embedded with the 

SnO2 nanobeans to increase the surface area and porosity. Finally, an ultra thin TiO2 
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layer was deposited on the circumference of SnO2 nanobeans with a TiCl4 treatment to 

passivate the surface of the SnO2. Further experimental details can be found in the 

electronic supplementary information.  

 

Figure 5.5. (a) XRD analysis of the TiO2 HS before and after the embedding of SnO2 

nanobeans; (b) STEM line scan analysis and SEM image (inset) of the nanobean SnO2-

embedded TiO2 HS; and (c) elemental mapping of the nanobean SnO2-embedded TiO2 

HS. 

 

The XRD analyses of the TiO2 HS before and after the embedding of SnO2 are 

shown in the top panel of Figure 5.5. It can be seen that the XRD patterns of TiO2 HS 

without the embedding of SnO2 matches well with JCPDS 21-1272, indicating that 

our hollow submicrospheres synthesized by the Ostwald ripening process can produce 
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a pure anatase phase of TiO2. The bottom panel in Figure 5.5a shows the XRD of the 

TiO2 HS after the embedding of SnO2. The additional XRD peaks, other than those of 

the anatase TiO2 phase, can be identified with JCPDS 88-0287, revealing that the 

hydrothermal process can also facilitate the formation of a pure rutile-phase SnO2 on 

the anatase TiO2 HS.151, 152  

Scanning transmission electron microscopy (STEM) and energy dispersive 

spectroscopy (EDS) line scan were used in Figure 5.5b to characterize the distribution 

of Sn over the TiO2 HS after the embedding of SnO2. The STEM image indicates that 

the hollow spherical submicrostructure of TiO2 is preserved after the embedding of 

SnO2, suggesting that our template-free route for producing a hollow sphere is robust 

and comparable to the template-based hollow sphere routes. In addition, its surface is 

decorated with mesopores, leading to an increase in the surface area. The EDS line 

scan also indicates that the distribution of Ti has a strong concentration at both edges 

but a weak concentration at the center, which is consistent with a hollow sphere 

shape. Unlike the distribution of Ti, Sn shows roughly constant concentration, 

indicating the embedding of SnO2 is accommodated well at the surface of TiO2 

hollow spherical structure. Furthermore, the elemental mapping of STEM confirms 

that the embedding of SnO2 is uniformly dispersed among TiO2 HS as shown in 

Figure 5.5c. 
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Figure 5.6. TEM image of (a) the nanobean SnO2-embedded TiO2 HS; (b) high-

magnification TEM image and the SAED patterns (inset) of the nanobean SnO2-

embedded TiO2 HS; (c) high-resolution TEM images of the nanobean SnO2-embedded 

TiO2 HS; (d) N2 adsorption and desorption isotherms of the TiO2 HS before and after the 

formation of SnO2 nanobeans; pore-size distribution of the (e) TiO2 hollow microsphere 

and (f) nanobean SnO2-embedded TiO2 HS. 

 

The transmission electron microscopy (TEM) images in Figure 5.6a-d show a 

composite microstructure for the SnO2-embedded TiO2 HS. As seen in Figure 5.6a, 

the hollow sphere has a diameter of 600 nm with a wall thickness of 100 nm, which 

makes it suitable for light scattering in the wavelength range of 400 nm - 800 nm. In 

addition, Figure 5.6a indicates that the morphology and structure of the SnO2 

embedded over the hollow sphere possesses a nanobean shape of around 5 nm, which 
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effectively decorates the surface of TiO2 HS, assembling a highly mesoporous 

microstructure. The high-resolution TEM in Figure 5.6c reveals that both the 

embedded SnO2 nanobeans and TiO2 HS possess highly crystalline structures, which 

is consistent with the XRD analysis in Figure 5.5a. The surface area and pore-size 

distribution of the nanobean SnO2-embedded TiO2 HS were determined by the 

Brunauer-Emmett-Teller (BET) measurement. Nitrogen adsorption-desorption 

isotherms with IUPAC (International Union of Pure and Applied Chemistry) type H3 

hysteresis loops are shown in Figure 5.6d, which verifies the existence of a 

mesoporous microstructure for both the TiO2 HS and the nanobean SnO2-embedded 

TiO2 HS. In addition, the pore-size distribution of TiO2 HS shows a maximum 

distribution around 12 nm, as compared with that of the nanobean SnO2-embedded 

TiO2 HS with a broad distribution from 7 to 17 nm; this suggests that the embedded 

SnO2 nanobeans were deposited into the pores at the TiO2 HS. Thus, the surface area 

of TiO2 HS (40 m2 g-1) is increased to 56 m2 g-1 after the embedding of SnO2, which 

enables the nanobean SnO2-embedded TiO2 HS to accommodate a high amount of dye 

loading. 

The bilayer film-stack structure composed of a series of scattering layers 

(SnO2, TiO2 HS, and SnO2-embedded TiO2 HS) atop a nano-sized TiO2 film followed 

by the TiCl4 treatment was used to investigate the amount of dye adsorption and light 

scattering. The cross-sectional SEM images of the bilayer film-stack structure are 

shown in Figure 5.7-9.  
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Figure 5.7. Cross-sectional SEM image of the bilayer photoanode of SnO2 on the nano-

sized TiO2 transparent layer. 
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Figure 5.8. Cross-sectional SEM image of the bilayer photoanode of TiO2 hollow 

submicrospheres on the nano-sized TiO2 transparent layer. 
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Figure 5.9. Cross-sectional SEM image of the bilayer photoanode of nanobean SnO2-

embedded TiO2 hollow submicrospheres on the nano-sized TiO2 transparent layer.  
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Figure 5.10. (a) Amount of dye loading, (b) UV-diffuse reflectance, (c) J - V 

characteristics, and (d) Nyquist plot of the DSSCs with different scattering layers of 

SnO2, TiO2 HS, and SnO2-embedded TiO2 HS atop the nano-sized TiO2 film. 

 

In Figure 5.10a, the SnO2-embedded TiO2 HS with high surface area exhibits a 

high amount of dye adsorption (8.03 × 10-8 mol cm-2) as compared with the poor dye 

adsorption of SnO2 (5.98 × 10-8 mol cm-2) and the lower surface area TiO2 HS (6.11 × 

10-8 mol cm-2),  suggesting that the possibility of the electron stimulated from the 

ground state to the excited state in the dye can be increased to improve the short-

circuit-current density Jsc. Figure 5.10b reveals the diffuse reflectance spectra of a 

series of SnO2, TiO2 HS, and SnO2-embedded TiO2 HS scattering layers atop the 
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nano-sized TiO2 film. It can be seen that the SnO2-embedded TiO2 HS and TiO2 HS 

have higher diffuse reflectance than SnO2 to effectively scatter the incident light in 

the wavelength range of 400 – 800 nm. Fabrication of the DSSCs with a series of 

scattering layers was used to evaluate the power conversion efficiency with a solar 

simulator under AM 1.5 condition. The J-V characterization as shown in Figure 5.10c 

reveals the conversion efficiency of SnO2-embedded TiO2 HS is 6.58% with Jsc = 13 

mA cm-2, Voc = 754 mV, and FF = 67.21%, which is higher than those of TiO2 HS 

(6.01%) and SnO2 (5.11%). (The error bar in efficiency is estimated to be ±0.02%.) 

More photovoltaic and electrochemical impedance spectroscopy (EIS) parameters are 

summarized in Table 5.1. The DSSC with a SnO2-embedded TiO2 HS scattering layer 

mainly exhibits an improvement in both Jsc and Voc, which enhances the conversion 

efficiency by around 28% as compared with a SnO2 scattering layer. The 

enhancement in Jsc can be attributed to the higher diffuse reflectance and the greater 

dye loading, as seen, respectively, in Figure 5.10a and Figure 5.10b. In addition, the 

increase in Voc can be associated with the reduced recombination due to the 

embedding of SnO2 nanobeans on the TiO2 HS.  

 

Table 5.1. Photovoltaic and EIS parameters of the cells with different scattering materials 

Rs, Rcr, and Rct refer, respectively, to series resistance, charge recombination 

resistance, and charge transfer resistance. (The error bar of EIS is estimated to be 

±0.05 Ω cm 2.) 
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To further investigate the charge-transfer process and electron transport, EIS 

data were collected at open-circuit voltage with an AC amplitude of 10 mV in the 

frequency range from 0.1 Hz to 1 MHz in the dark. Figure 5.10d shows the Nyquist 

impedance spectra of the cells with a series of scattering layers (SnO2, TiO2 HS, and 

SnO2-embedded TiO2 HS) atop the nano-sized TiO2 film. The equivalent circuit 

diagram of the cell is shown in Figure 5.11.  
  

 

Figure 5.11. The equivalent-circuit diagram of the cell was used to extract the parameters 

of Rs (series resistance), Rcr (charge-recombination resistance), and Rct (charge-transfer 

resistance). Rcr reflects the charge recombination associated with the charge-transfer 

resistance at the interface of metal oxides/dye/electrolyte and the electron transport in the 

photoanodes of the metal oxides. Rct is related with the charge transfer between 

electrolyte and counter electrode.  

 

It is known that the semicircle in the middle frequency range reflects charge 

recombination, which is attributed to the charge-transfer resistance at the interfaces of 

metal oxides/dye/electrolyte and the electron transport in the photoanodes of the 
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metal oxides.153 A larger semicircle for the cell using the scattering layer of SnO2-

embedded TiO2 HS (42.01 Ω cm2) than those for TiO2 HS (34.04 Ω cm2) and SnO2 

(25.17 Ω cm2) reveals a lower electron recombination, which agrees well with the 

high Voc obtained with SnO2-embedded TiO2 HS. Furthermore, a comparative study 

of SnO2-embedded TiO2 HS and TiO2 HS confirms that the low electron 

recombination in SnO2-embedded TiO2 HS can be mainly attributed to the nanobeans 

of SnO2 embedded in TiO2 HS due to the improvement in electron transport by the 

high mobility of SnO2 in the metal-oxide photoanode.   

 

5.4 CONCLUSIONS  

In conclusion, a designed microstructure of template-free TiO2 hollow 

submicrospheres embedded with SnO2 nanobeans has been developed for use as a 

versatile scattering layer in DSSC. In addition to the enhanced light scattering by 

submicro-scale TiO2 hollow spheres, the embedding of SnO2 nanobeans in the hollow 

sphere has been found to effectively increase the surface area, leading to an 

improvement in the dye loading. A 28 % improvement in the conversion efficiency 

could be achieved by adopting this designed structure as a scattering layer to provide 

a promising combination of improvement in dye adsorption, light harvesting, and 

electron transport. 
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Chapter  6: Carbonized eggshell membranes as a natural and abundant 
counter  electrode for  efficient dye-sensitized solar  cells 

6.1 INTRODUCTION  

The ultimate goal of renewable solar energy is aimed at developing low-cost, 

high-efficiency photovoltaic technologies that can satisfy the demand for future terawatt-

scale solar energy. The dye-sensitized solar cells (DSSC), with a light-electricity 

conversion efficiency exceeding 12%, are considered to be one of the most promising 

candidates for next-generation solar cells due to their facile assembly, cost-effectiveness, 

and environmental friendliness.50, 154 The prototypical architecture of a DSSC consists of 

a porous film of n-type TiO2, a photosensitized dye, a redox couple consisting of I−/I3− 

electrolyte, and a Pt counter electrode. The noble and scarce nature of Pt as well as its 

poor stability in the electrolyte has become a significant hurdle to realize low-cost, and 

thus, large-scale, deployment of DSSCs. Upon solar illumination, the dye molecule 

undergoes an electronic transition from the ground state to the excited state. This is 

followed by an ultrafast electron injection from the excited state of the dye molecule into 

the conduction band of TiO2, which leads to the oxidation of the dye molecule. The 

oxidized dye subsequently stimulates the reduction of iodide into triiodide in the 

electrolyte, and the electron injected into the conduction band of TiO2 is transported to 

the counter electrode. The function of the counter electrode is to regenerate iodide from 

triiodide in order to complete the light-electricity conversion process. Accordingly, the 

electrical properties and catalytic ability of the counter electrode (CE) play a significant 

role in the DSSC process.   

Materials previously explored as alternatives to Pt for CEs include carbonaceous 

materials, conductive polymers, metal compounds, and composite materials.40, 41, 51 

However, materials that involve toxic and/or complex synthesis processes or that contain 
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vulnerable microstructures, become challenging for large-scale manufacturing. In 

contrast to such materials, natural materials drawn directly from our surroundings are 

abundant, accessible, and environmentally friendly. Several naturally-derived materials, 

composed of unique structures, have been developed for advanced applications, such as 

synthesis templates, photonic crystals, supercapacitors, Li-S batteries, and DSSCs.155-163 

Recently, it is further found that the electrochemical activity of the naturally-derived 

materials as CEs in DSSC can be correlated with their unique structures and 

demonstrated their potential to substitute for the typical Pt electrode. For instance, the 

macroporous structure (beyond 50 nm) of carbonized sea tangle and the mesoporous 

structure (2-50 nm) of carbonized oak were explored by, respectively, Grätzel et al. and 

Gao et al.162, 163 However, the relationship between the electrochemical activity and the 

microstructure remain unclear and naturally-derived CEs composed of micropores (less 

than 2 nm) have not yet been applied to DSSCs as CEs.  

In this chapter, we present a naturally-derived carbonaceous material as a Pt-free 

CE for DSSCs. The material was made from eggshell membranes that were recycled 

from domestic waste. It is found that the unique micropore-rich, hierarchically-porous 

microstructure of eggshell membranes can effectively facilitate the charge transfer 

process, leading to an improved Voc and a competitive efficiency as compared to a DSSC 

with a traditional Pt-based CE. 

 

6.2 EXPERIMENTAL  

6.2.1 Preparation of the counter  electrode 

The sucrose-coated eggshell membranes were fabricated with eggshell 

membranes immersed in a 40% sucrose solution, followed by a pre-carbonization process 
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at 180°C.159 After a carbonization process at 800°C, CSEMs were ground to a powder for 

ink preparation. Commercial CP purchased from Ted Pella, Inc. (Product No. 16053) was 

used to enhance the adhesion of the CSEM powder to the commercial fluorine-doped tin 

oxide (FTO) substrate (purchased from Nanocs (New York, NY)). Inks composed of 

CSEMs mixed with different amounts of commercial CP were prepared for the doctor-

blade coating. A targeted thickness of around 10 µm was achieved by doctor-blade 

coating the CSEM ink four times onto a FTO substrate. To remove the binder, all of the 

CEs were heat treated at 350°C for 15 min under Ar flow. The traditional Pt CE was 

fabricated by a pyrolysis of a pre-coated 5 mM H2PtCl6 isopropanol solution onto a FTO 

substrate at 400 °C for 15 min.  

 

6.2.2 Preparation of TiO2 photoanode   

The TiO2 photoanode was fabricated on a FTO substrate. TiO2 with a thickness of 

~ 12 µm was fabricated with doctor-blade coatings followed by heat treatment for 15 min 

at 500°C. Next, the sample was immersed into 40 mM of a TiCl4 aqueous solution at 

70°C for 30 min, followed by another heat treatment for 15 min at 520°C. Dye absorption 

onto the TiO2 layer was performed for ~ 16 h by immersing the photoanode in a 0.5 mM 

solution of N719 dye, prepared by mixing acetonitrile and tert-butyl alcohol in a volume 

ratio of 1:1.  

 

6.2.3 Assembly of DSSCs 

A sandwich cell composed of the TiO2 photoanode and the CE was assembled 

with the electrolyte in-between. The electrolyte was prepared by using 0.6 M of 1-

methyl-3-propylimidazolium iodide (PMII), 0.05 M of lithium iodide (LiI), 0.03 M of 
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iodine (I2), 0.1 M of guanidinium thiocyanate (GuNCS), and 0.5 M of 4-tert-butyl-

pyridine (tBP) in a mixture of acetonitrile and valeronitrile with a volume ratio of 85:15. 

The active area of the DSSC was 0.12 cm2. The current density-voltage characteristics of 

DSSCs were measured with a Keithley 2400 equipment under AM 1.5 G illumination 

with a solar simulator using 100 mW cm-2. 

 

6.2.4 Mater ials character ization  

The surface morphologies of the counter electrodes were characterized by a FEI 

Quanta 650 scanning electron microscope (SEM). The electrochemical impedance 

spectroscopy (EIS) based on a symmetric dummy cell and three-electrode cyclic 

voltammetry (C-V) (Ag/AgNO3 as a reference electrode and Pt foil as a counter 

electrode) were utilized to analyze the electrochemical properties. A symmetrical dummy 

cell configuration was fabricated with two idnetical CEs. The Raman spectra were 

recorded on a Renishaw inVia Raman microscope with 532 nm laser excitation and a 

50X objective. The surface area and pore-size distributions were acquired with the 

Brunauer-Emmett-Teller (BET) method using an automated gas sorption analyzer 

(AutoSorb iQ2, Quantachrome Instruments).  

 

6.3 RESULTS AND DISCUSSION  

Figure 6.1a shows the scanning electron microscopy (SEM) image of an eggshell 

membrane before carbonization. It exhibits an entangled architecture of interwoven 

coalescing fibers, which form a highly porous microstructure. To further enhance the 

electrical conductivity, the carbonized eggshell membranes were surface-coated with a 

layer of carbon. The carbonized sucrose-coated eggshell membranes (CSEMs) were 
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prepared by immersing the fresh eggshell membranes into a sucrose solution and then 

carbonizing at 800°C. The uniformly coarsened and thickened morphology of the CSEM 

in Figure 6.1b indicates that the carbonized sucrose is well-coated onto the surface of the 

eggshell membrane fibers and that the original porous microstructure of the membrane is 

preserved after carbonization. The inset in Figure 6.1c shows the CSEMs after they have 

been ground into a powder with a mortar and pestle. As shown in Figure 6.1c, their 

microstructure is preserved, thus allowing for the fabrication of a CSEM ink that can be 

cast with a doctor blade method. The cross-sectional SEM image in Figure 6.1d reveals 

that the doctor blading of an ink of CSEMs mixed with the conductive paint (CP) yields a 

robust counter electrode, suitable for use in DSSCs. The film adheres well to the FTO 

substrate as compared to a CSEM film without CP in Figure 6.2.   
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Figure 6.1. In-plane SEM images of (a) an eggshell membrane, (b) CSEM, (c) CSEM 

after grinding with a mortar and pestle, and (d) cross-sectional SEM image of a CSEM 

mixed with CP.  
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Figure 6.2. Cross-sectional SEM image of CSEM without CP.  
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Three-electrode cyclic voltammetry was performed to investigate the 

electrocatalytic activity of the CSEM CE for the reduction of triiodide into iodide.  

Figure 6.3a shows the cyclic voltammograms (CVs) at 100 mV s-1 for CEs based on 

CSEMs, CP, and Pt in a liquid electrolyte composed of 0.1 M LiClO4, 10 mM LiI, and 1 

mM I2 in acetonitrile.  As expected, the CV for the traditional Pt CE shows two clear 

pairs of redox peaks attributed to (1) the I−/I3− couple at -0.318 V and 0.091 V (vs. 

Ag/Ag+) and (2) the I3−/I2 couple at 0.265 V and 0.490 V:.   

I3− + 2e− ↔ 3I−   (1) 

3I2  + 2e− ↔ 2I3− (2) 

The electrocatalytic activity of the CE for the regeneration of the I−/I3− redox 

couple in DSSCs is directly related to the cyclic voltammetry cathodic current density. 

The redox peak-to-peak separation is also inversely proportional to charge transfer rate.80 

Thus, the CV of the CE based on CSEM shows a small peak-to-peak separation and 

higher cathodic current density as compared to the CEs based on Pt and CP, indicating 

that CSEMs possess superior electrocatalytic activity for the regeneration of the I−/I3− 

redox couple. 

Raman spectroscopy was performed in order to identify the electrocatalytic site of 

the CSEMs. The top panel of Figure 6.3b shows the Raman spectrum of the CSEMs. Two 

peaks corresponding to the D and G bands of carbon appear, respectively, at 1343 cm-1 

and 1589 cm-1. The G band of carbonaceous materials reveals the degree of graphitization 

while the D band corresponds to the number of defects and disorders, which are known to 

catalyze the I− / I3−  redox couple.164, 165 The D band peak of CSEMs exhibits a 

comparable intensity and broader peak width than the G band peak, indicating that the 

CSEMs contain a low degree of graphitization and a high degree of defects. In contrast, 

the bottom panel of Figure 6.3b shows that the G band of CP shows much stronger 
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intensity than the D band, indicating a higher level of graphitization. As a result, this 

comparative study, along with the cyclic voltammetry results, suggests that the 

electrocatalytic sites of CSEMs originate from the defects and disorders in its structure.   

The surface area and pore-size distributions of the CSEM and CP were evaluated 

by, respectively, the Brunauer-Emmett-Teller (BET) measurements as well as Horvath-

Kawazoe (HK) and density functional theory (DFT) models. Figure 6.3c shows that 

CSEMs possess a high surface area of 401 m2 g-1 with a total pore volume of 0.25 cm3 g-1 

while the CP has a surface area of 39 m2 g-1 with a pore volume of 0.22 cm3 g-1. In 

addition, the proportion of micropore volume to total pore volume in the CSEM 

approaches 80%. The nitrogen adsorption-desorption isotherms in Figure 6.3c show that 

this material exhibits an IUPAC type I isotherm at P/P0 < 0.1 along with a minor IUPAC 

type H3 mesoporous hysteresis loop at P/P0 = 0.45 - 1.0. This confirms the presence of a 

hierarchical micro- and meso-porous structure. On the other hand, the CP exhibits an 

IUPAC type H3 mesoporous hysteresis loop, which is likely due to the presence of 

aggregates of plate-like conductive carbon particles. In Figure 6.3d, the HK pore-size 

distribution model indicates that the high microporosity of the CSEM is mostly due to the 

micropores with a pore size of 0.5 nm. Therefore, triiodide ions with a minimum 

diameter of 0.3 nm can effectively penetrate into the electrocatalytically active defect-

rich micropores of the CSEM and readily undergo the charge transfer process for the 

regeneration of I−/I3−.166 
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Figure 6.3. (a) Cyclic voltammetry of CSEM, CP, and Pt at 100 mV s-1, (b) Raman 

spectra of CSEM and CP, (c) nitrogen adsorption-desorption isotherms of CSEM and CP, 

(d) pore-size distributions of CSEM and CP, (e) J-V characteristics of DSSCs with 

CSEM, CP, and Pt CEs, and (f) Nyquist plots of CSEM, CP, and Pt CEs. 
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Current density-voltage (J-V) measurements under the AM 1.5 G condition were 

carried out to evaluate the conversion efficiencies of a DSSC with a CE based on 

CSEMs. Figure 6.3e shows that the J-V measurement of a DSSC using a CE based on 

CSEMs exhibits an efficiency of 6.71%, comparable to that obtained with a Pt-based CE 

(6.63%). (The error bar in efficiency is estimated to be ±0.02%.) All photovoltaic 

parameters are summarized in Table 6.1. It is worth noting that the photovoltaic 

performance of the DSSC with a CE based on CSEMs presents a significant 

improvement in the open circuit voltage (Voc) from 736 mV to 795 mV. The increase in 

the Voc in a DSSC can arise from the positive potential shift of the I−/I3− redox couple 

relative to the Fermi level of TiO2. As shown above, the electrocatalytic activity of the 

CE based on CSEMs has a positive influence on the I−/I3− redox potential, which 

improves the Voc.162, 167, 168 This result confirms that the microporous structure of the 

CSEMs can facilitate the triiodide regeneration, thus making the CSEM a promising 

natural and abundant counter electrode for use in DSSCs.  

 

Table 6.1. Photovoltaic parameters of DSSCs based on CSEM, CP, and Pt CEs measured 

under AM 1.5 G. The EIS parameters were obtained with a symmetric dummy cell in the 

dark.  

 

(The error bar of EIS is estimated to be ±0.05 Ω cm2.) 
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In addition, as compared with the device performance of DSSCs based on other 

carbonized naturally-derived CEs in Table 6.2, our CSEM-based CE not only shows a 

competitive conversion efficiency to a Pt CE but also provides a facile approach for 

large-scale manufacturing of low-cost CEs.   

 

Table 6.2. Reported efficiencies of DSSCs based on carbonized naturally-derived 

CEs.162, 163 ST represents sea tangle. 

 

 

It should be noted that the Jsc of a DSSC with a Pt CE is slightly higher than that 

of a DSSC with a CSEM-based CE due to its higher reflectance. The influence of CP in 

the DSSC with a CSEM-based CE was evaluated by mixing different amounts of CP into 

CSEMs in Figure 6.4. The maximum efficiency of the DSSC occurs when the 

concentration of the CP is 50 wt.% due to the simultaneously improvement of the 

adhesion, the catalytic activity, and the resistivity. The resistivity of CSEM-based CE as a 

function of the amount of CP in Figure 6.5 indicates that the added amount of CP 

effectively improves the electron transport between the fractures of CSEM, leading to the 

reduced resistivity of the CSEM-based CE by two orders of magnitude. However, all the 

CSEM-based CEs still have the higher resistivity than the complete CSEM without 

grinding (5.57 x 10-4 Ω m), suggesting that there is much space for the development of 

CSEM-based CEs to improve the device performance.  
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Figure 6.4. DSSC device parameters as a function of the ratio of CP: (a) Voc, (b) Jsc, (c) 

FF, and (d) PCE. The red dashed lines correspond to the device parameters of a DSSC 

with a CE based on Pt.  
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Figure 6.5. Resistivity of the counter electrode as a function of the ratio of CP. The red 

dashed line represents the resistivity of the complete carbonized sucrose-coated eggshell 

membrane without grinding (5.57 x 10-4 Ω m).  
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In order to further understand the charge transfer resistance at the interface 

between the CE and the electrolyte, electrochemical impedance spectroscopy (EIS) of a 

CE based on CSEMs was conducted with a symmetrical dummy cell configuration in the 

frequency range of 10 mHz to 100 kHz at open circuit with a zero bias potential. The 

magnitude of the alternating signal was 10 mV. The Nyquist plots shown in Figure 6.3f 

were modeled according to the equivalent circuit diagram depicted in the inset of Figure 

6.3f. 

The intercept of the Nyquist plot at the real axis (Z') is the series resistance (Rs) of 

the cell. In the case of Pt counter electrode, a typical curve of two semicircles is 

observed. The semicircle in the low-frequency range is associated with the Nernst 

diffusion impedance (Zw), which corresponds to the diffusion in the electrolyte. The other 

semicircle in the high-frequency range is the charge transfer resistance (Rct), which 

originates from the interface between the electrolyte and the CE. The CSEM-based CE, 

unlike the Pt CE, exhibits an additional semicircle attributed to a secondary Nernst 

diffusion impedance (Npore).  This is likely because the diffusion of I− /I3−  in the 

electrolyte is significantly affected by the microporous CSEM structure.88, 169 The 

impedance parameters determined from the equivalent circuit modeling are listed in 

Table 6.1. The higher FF obtained by a DSSC with a Pt CE can be attributed to its lower 

series resistance as compared to the DSSC with a CSEM-based CE. However, the CE 

based on CSEMs possesses a lower charge-transfer resistance (1.22 Ω cm2) than that of 

Pt (1.38 Ω cm2), which agrees well with its high catalytic activity for I−/I3− as shown by 

the cyclic voltammetry measurement. In addition, the lower charge-transfer resistance of 

the CSEM-based CE than that of mesoporous oak-based CE (2.01 Ω cm2) and 

macroporous sea tangle-based CE (2.25 Ω cm2) indicates that the smaller size of the 
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micropore can give a superior catalytic activity to facilitate the triiodide regeneration due 

to its fast charge transfer.162, 163 

 

6.4 CONCLUSIONS  

In summary, we have demonstrated a low-cost, natural CE, recycled from 

domestic waste, for use in DSSCs as a substitute for the scarce and expensive Pt CE. The 

unique hierarchically porous microstructure of the CSEMs effectively facilitates the 

I−/I3− redox in the DSSC light-electricity conversion process, leading to an improvement 

of the Voc and a conversion efficiency comparable to that with a Pt CE.  
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Chapter  7: Summary 

This dissertation focused on an exploration of the design and development of 

efficient solar cells with earth-abundant materials and low-cost processes. Two types of 

solar cells have been investigated: (i) thin-film solar cells and (ii) dye-sensitized solar 

cells.  

In thin-film solar cells, the Cu-poor and Zn-rich Cu2ZnSn(S,Se)4 nanocrystals 

with varying S to Se ratios were successfully synthesized and varied by a facile hot-

injection approach. The evolution of Cu2ZnSn(S,Se)4 nanocrystals to Cu2ZnSn(S,Se)4 

film was investigated for the first time by tuning the ratio of Se to S in Cu2ZnSn(S,Se)4 

nanocrystals followed by a sulfurization step. It was found that minimizing the possibility 

for the loss of Sn during heat treatment and producing a dense film with large grain size 

are beneficial for the device performance. Accordingly, a novel low-cost superstrate-type 

device architecture has been demonstrated, offering an opportunity for the 

Cu2ZnSn(S,Se)4 system to circumvent challenges in the existing substrate-type 

architecture such as decomposition of Cu2ZnSn(S,Se)4 and a possible Schottky barrier at 

the Mo/Cu2ZnSn(S,Se)4 interface. In addition, by developing a robust precursor film with 

the addition of ethyl cellulose, the loss of Sn associated with the conversion of CZTSe to 

CZTSSe during the grain growth process has been mitigated, leading to an increase in the 

conversion efficiency compared to that of the precursor film without using ethyl 

cellulose. However, there is still room for the improvement of the microstructure and a 

compact film with larger grain size is required for high efficiency CZTSSe solar devices. 

In dye-sensitized solar cells, a designed microstructure of template-free TiO2 

hollow submicrospheres embedded with SnO2 nanobeans has been developed for use as a 

versatile scattering layer in DSSCs. It has been found that the template-free TiO2 hollow 



 100 

submicrospheres (TiO2 HS) with a diameter of 600 nm can not only be fabricated with an 

inside-out Ostwald ripening process but also be robust enough for the subsequent process 

of embedding SnO2 nanobeans. The SnO2 embedded over the hollow sphere possesses a 

nanobean shape of ~ 5 nm, which effectively decorates the surface of TiO2 HS and 

increases its surface area from 40 to 56 m2 g-1, leading to an increase in the dye 

adsorption from 6.11 × 10-8 to 8.03 × 10-8 mol cm-2 and improvement in the short-circuit-

current density Jsc. In addition, due to the embedding of the high mobility SnO2 over the 

hollow sphere, the device with the scattering layer of SnO2-embedded TiO2 HS exhibits a 

lower electron recombination than those with TiO2 HS and SnO2, which agrees well with 

the observation of a high Voc obtained with the SnO2-embedded TiO2 HS. Thus, our 

designed structure simultaneously promotes dye adsorption, light harvesting, and electron 

transport, leading to a 28 % improvement in the conversion efficiency as compared with 

the film-based SnO2.  

Furthermore, a naturally-derived carbonaceous material as a Pt-free counter 

electrode for DSSCs has also been developed in the form of a carbonized sucrose-coated 

eggshell membrane (CSEM). This material was made from eggshell membranes that 

were recycled from domestic waste and applied to DSSCs by the doctor-blade method for 

the first time. It can be found that the CSEM itself possesses the ability to catalyze the 

iodide/triiodide redox couple due to its defects and disorder in the structure. In addition, 

the unique hierarchically-porous microstructure of CSEM exhibits a high surface area of 

401 m2 g-1, leading to a superior electrocatalytic activity for tri-iodide regeneration. The 

HK pore-size distribution model confirms that the high microporosity of the CSEM is 

mostly due to a pore size of 0.5 nm. It allows the triiodide ions with a minimum diameter 

of 0.3 nm to effectively penetrate into the electrocatalytically active defect-rich 

micropores of CSEM and readily undergo the charge transfer process for the regeneration 
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of iodide/tri-iodide, leading to an improved Voc and a competitive efficiency comparable 

to that of a DSSC with a traditional Pt-based counter electrode. Thus, this study not only 

demonstrates that natural materials with a micropore-rich microstructure can facilitate the 

charge-transfer process but also brings new insights into the future application of natural 

materials for use in DSSCs. 
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