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Abstract
This paper reports a systematic study of the effect of nano-crystalline titanium dioxide (TiO2) formulations and annealing temperature conditions on the performance of dye sensitized solar cells (DSSCs) realized on fluorine tin oxide (FTO) glass substrates. DSSC fabrication is restricted to high temperature (>150 oC) process-compatible materials by the nano-crystalline process of the TiO2. DSSCs benefit from the use of lower cost materials and offer higher efficiency than organic solar cells but high processing temperatures limit their application on, for example, textile substrates. The aim of this study is to develop and optimize a low temperature processable TiO2 formulation suitable for both screen printing and spray coating.  The results from this paper can be applied in future fabrication processes on flexible plastic and fabric substrates. The challenge of this research work is to achieve the smooth deposition and processing at 150 oC of TiO2 layers on glass substrates. We report a maximum DSSC efficiency of 4.3 % achieved by screen printing and 2.5 % achieved by spray coating on a glass substrate using the new low temperature process.
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Introduction
Flexible dye sensitized solar cells (DSSCs) have received considerable attention for a wide range of potential commercial applications, such as, mobile devices or wearable electronics, as well as for integrated photovoltaic modules.[1] The solar cell is one of the most successful renewable energy sources to date and is the most widely deployed renewable energy source across the world.[2] The first and second generation of crystalline silicon and inorganic solar cells that occupy the majority of the commercial market today are currently supplying only a small fraction of the world's energy needs. This is largely because of their high cost and the high energy consumption of the manufacturing process. Consequently, a significant research effort has been directed towards the development of third generation photovoltaics such as thin film solar cells, dye sensitized solar cells (DSSCs) and organic solar cells (OSCs). Of these, the efficiencies of organic based photovoltaic cells are far below those obtained with inorganic and silicon solar cells. However, since the pioneering work of O’Regan and Gratzel[3] who invented DSSCs in 1991 and the recent invention of high performance hybrid dye molecules,[4] DSSCs have emerged as the more promising energy source. This is mainly due to their low production cost, ease of fabrication and potential mechanical flexibility offering their realization and integration in printed electronics. These attractions have led to many refinements in both functional materials and fabrication processes which have improved the power conversion efficiencies (PCE) of DSSCs to 13 % to date.[4, 5] 

A standard DSSC consists of a fluorine tin oxide (FTO) coated substrate, a nano-crystalline porous TiO2 film, a dye sensitizer, a liquid electrolyte and a platinum coated counter electrode on another FTO substrate. The conventional process for obtaining an efficient photo anode is high-temperature sintering of the nano-crystalline TiO2 film. Since this process requires high temperature annealing it rules out the majority of potential flexible substrates such as plastics and wearable textiles. Therefore, the development of a low temperature processable TiO2 layer is of great interest for the realization of DSSCs on flexible substrates. The state of the art in low temperature processed TiO2 DSSCs show less than half the PCE of that delivered by conventional high temperature processed DSSCs.  Recently, several approaches have been investigated and reported to achieve a low temperature processed TiO2 layer in DSSCs: low temperature annealing of spin coated TiO2 films,[6] hydrothermal crystallization,[7] chemical vapor deposition,[8] microwave irradiation,[9] room temperature compressing,[10, 11] chemical bath deposition,[12] electro-spraying[13] and electrophoretic deposition.[14] However, none of these methods can be adapted for large area DSSCs for the interest of commercialization. There are few low temperature processes with the potential to deposit a suitable TiO2 layer in large areas, without needing an inert atmosphere, high temperature annealing and vacuum evaporation techniques. 

Potential large areas processes at suitable low temperatures are doctor blading, spray coating and screen printing. Low temperature treated plastic DSSCs were reported by Malekshahi et al.[15] The TiO2 ink was applied by doctor blading on an indium tin oxide/polyethylene terephthalate (ITO/PET) substrate and annealed at 120 °C for 24 hours achieving an efficiency of 1.26 %. Lu et al reported the annealing conditions of TiO2 films at various temperatures from 120 °C to 450 °C using both binder and binder free TiO2 paste deposited on a highly flexible titanium foil substrates by doctor blading.[16] The results showed that the devices sintered at 120 °C for 30 minutes, for both the binder and binder free TiO2 systems, obtained a PCE of 0.22 % and 3.40 % respectively. Janne et al reported DSSCs on ITO/PET substrates in which TiO2 films were spray coated using a 100 °C substrate platen temperature, followed by room temperature compression of the films, achieving a solar cell PCE of 2.3 %.[17] Shungo et al developed screen printed plastic DSSCs on an ITO coated plastic substrate using a conventional TiO2 paste with binders, annealed at 150 °C, that achieved a PCE of 0.1 % and additional hot UV treatment which achieved 3.1 %.[18] A doctor blade processed TiO2 layer which is air dried at room temperature has also been reported with 1.2 % PCE.[19]

This paper systematically investigates low temperature (150 oC) processed TiO2 formulations, with and without a binder system, in two different solvents and the use of a nano particle stabiliser. The study applies to and benefits both screen printing and spray coating techniques which are considered as the promising large area electronics fabrication methods. Screen printing is the most widely studied printing technique within printing electronics research due to the wide commercially availability of functional materials in printable pastes and can scale up for volume manufacturing. Among the various solution process techniques, spray coating can accept a much wider range of rheological properties than the alternatives of inkjet printing and doctor blading. Other solution based processes such as spin coating are not compatible with large area fabrication and generate a large amount of material waste when processing. For this work, 150 oC has been set as the temperature limit to be compatible with the majority of wearable textiles and flexible plastics. This paper reports an optimised formulation for the screen printable paste and the spray coating ink of the TiO2 materials for large area DSSC fabrication at low temperature.

Materials and Experimental methods
Materials 
Pre-coated FTO coated glass substrates (TCO 22-7, supplied by Solaronix) were used for the photo anode and cathode and has high transmittance in the range of 400 nm to 700 nm. Aeroxide TiO2 P25 nanoparticles with a primary particle size of 21 nm was supplied by Sigma Aldrich. The non-ionic surfactant binder used was Triton X-100 and the particle stabiliser was acetylacetone, both supplied by Sigma Aldrich and used to prevent the nanoparticles aggregating in the complex suspension system. De-ionised water or tert-butanol were used as the solvent for the different formulations. The Ruthenizer 535-bisTBA an N719 dye was supplied by Solaronix. Platisol-T from Solaronix was used as the precursor of the platinum layer for the counter cathode. Iodide/Iodine (I-/I3-) redox solution was used as the liquid electrolyte, supplied by Solaronix.  All these above materials were used as supplied with no further modifications. 
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Figure 1. Systematic study of different low temperature processed titanium oxide formulations in relation to the curing temperature and the deposition methods.

This work investigated 8 formulations of low temperature TiO2 evaluated at an annealing temperature of 150 oC. These formulations used de-ionised water or tert-butanol as the solvent with no binder or with a Triton X-100 binder. The solvents water and tert-butanol were chosen as a rich oxygen provider; while annealing the TiO2, they can contribute oxygen to prevent any TiO2 oxygen loss. Both formulations were prepared with the same concentration of acetyl acetone as the particle stabiliser, as described in the following paste formulation. Formulations were then made suitable for screen printing and spray coating by varying the viscosity. The formulations used in this experiment are as follows. The TiO2 screen printing paste was formulated using TiO2 powder (6 g) + acetyl acetone (0.2 mL) + de-ionised water or tert-butanol (4 mL) + Triton X-100 (0.1 mL). The TiO2 spray coating ink was obtained from TiO2 powder (6 g) + acetyl acetone (0.2 mL) + de-ionised water or tert-butanol (10 mL) + Triton X-100 (0.1 mL). When deposited, these films were processed at 150 oC and compared with samples processed at 450 oC, as shown in the Figure 1. Other processes and the device architecture remained unchanged. The TiO2 powder is mixed with the solvent of de-ionised water or tert-butanol, and acetyl acetone as stabiliser, plus the binder Triton X-100 or without a binder. Triton X-100 was chosen since it influences TiO2 clusters towards a uniform size with well-defined particles. In addition, Triton X-100 increases the surface area which helps dye molecules to attach to the TiO2 film.[20]
Fabrication of DSSCs
Figure 2 (a) shows the flow diagram of the fabrication process, comprising both photo and counter electrode glass substrates with liquid electrolyte deposition in a sandwich structure assembly. The FTO glass substrates were cleaned in acetone and de-ionised water for 5 minutes and plasma cleaned using a TEPLA Plasma 300 machine for 5 minutes in a cleanroom environment. The TiO2 formulation was either screen printed (Figure 2 (b)) or spray coated (Figure 2 (c)) onto the FTO coated glass substrates and cured at 150 oC and 450 oC for 30 minutes, respectively. The 450oC process is carried out for comparison to the low temperature process. Then the dye loading process is carried out by immersing the samples into the pre-mixed dye solution for 24 hours. The last stage is to assemble the device by depositing the liquid electrolyte and sandwiching the two electrodes for testing. 
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Figure 2. (a) The flow diagram of the fabrication process DSSCs on the FTO coated glass substrates, (b) screen printer, DEK 248 and (c) Spraycraft airbrush spray coating system.
Characterization and measurements
Prior to dye loading and assembly, the morphology of the prepared sample photo anodes were analysed using field emission scanning electron microscopy (FESEM). After dye loading and assembly, photocurrent and voltage measurements were performed on the assembled sample cells using a Keithley 2400 source meter under an ABET 1 Sun Simulator with 1.5 AM radiation for the fabricated DSSCs. The DSSCs photovoltaic characteristics were analysed using the equation (1).



where VOC is the open-circuit voltage, ISC is the short circuit current, FF is the fill factor, Pin is the power of the incident light and ηmax is the PCE.
Results and discussions
Surface and film morphologies of different photo anodes are shown in figures 3 and 4. Figure 3 (a, b) shows the FESEM images of the screen printed water based TiO2 films with and without a binder system on FTO glass substrates. In both cases a maximum film thicknesses of ~10µm is used in order to avoid film cracking.[21] These films were found to be uniform, crack-free and well adhered on the FTO glass substrates. Figure 3 (c, d) shows the FESEM images of screen printed tert-butanol based TiO2 films with and without a binder system on FTO glass substrates.  Both indicate a film thicknesses of around 30µm which is above the ideal thickness and hence cracks are observed on the screen printed films. Moreover, these films demonstrated a high degree of fragility and poor uniformity as shown at the top in figure 3 (c, d). In the case of the spray coated TiO2 films on FTO glass substrates, a similar trend occurs as shown in the FESEM images in figure 4 (a, b) with water as the solvent and in figure 4 (c, d) with tert-butanol as the solvent. Non-uniform films occur due to the high melting point (25 oC ± 1) and low boiling point (82 oC ± 1) of the tert-butanol solvent. As the deposition process was carried out at room temperature, the tert-butanol solvent can be frozen or, at a slightly higher temperature, begin to evaporate with both conditions preventing the printed TiO2 paste settling and forming a uniform layer. In essence, it is clearly seen that the de-ionised water based system with and without binder improves the film uniformity and the interconnected TiO2 nanoparticle layer. 
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Figure 3.  Cross-sectional SEM image of screen printed titanium oxide layer on FTO glass substrates, (a) de-ionised water based with Triton X-100, annealed at 150 oC for 30 minutes, (b) de-ionised water based without binder, annealed at 150 oC for 30 minutes, (c) tert-butanol based with Triton X-100, annealed at 150 oC for 30 minutes and (d) tert-butanol based without binder, annealed at 150 oC for 30 minutes.
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Figure 4. Cross-sectional SEM image of spray coated titanium oxide layer on glass substrates, (a) de-ionised water based with binder system, annealed at 150oC for 30 minutes, (b) de-ionised water based without binder system, annealed at 150oC for 30 minutes, (c) tert-butanol based with binder system, annealed at 150oC for 30 minutes and (d) tert-butanol based without binder system, annealed at 150oC for 30 minutes.




(a)                                                                                  (b)
Figure 5. J/V curves of the screen printed DSSCs processed at temperature of (a) 150 oC and (b) 450 oC, respectively.
The J/V curves of the DSSCs in which TiO2 films were screen printed and annealed at 150 °C and at 450 °C for comparison are shown in figure 5 (a, b) respectively. The measured results for the DSSCs studied are summarised in Table 1. At 150 °C, a PCE of 0.77 % and 4.3 % was obtained from the water solvent with and without binder systems respectively, whereas a PCE of 0.41 % and 1.04 % was obtained from the tert-butanol solvent with and without binder systems. In the above cases, the formulation with the binder system delivered lower efficiencies when compared to the without binder system which indicates the binder, Triton X-100 may remain in the dried TiO2 film, acting as an insulator and blocking the movement of charge. The maximum efficiency of 4.3 % was obtained from the TiO2 formulation without binder which indicates good uniformity and TiO2 particle interconnection, as shown in figure 4b, even at the low temperature used for annealing. However, the PCE of 1.04 % obtained from the formulation with the tert-butanol as the solvent without binder system may reflect the film non-uniformity as can be seen in the FESEM image in figure 4d. As a whole, the lower efficiencies obtained by tert-butanol, with and without binders, can also be explained by the thickness of TiO2 films being over 30µm.





(a)                                                                                  (b)
Figure 6.  J/V curves of the spray coated DSSCs processed at temperature of (a) 150 oC and (b) 450 oC, respectively.

	
	
	Solvent
	TiO2 Paste
	Annealing T, oC
	VOC, V
	FF
	JSC, mA/cm2
	PCE, %
	Area, cm2

	Screen printing
	1
	A
	With binder
	450°C
	0.71
	0.54
	6.04
	2.36
	0.31

	
	2
	
	Without binder
	450°C
	0.72
	0.54
	19.63
	7.41
	0.21

	
	3
	A
	With binder
	150°C
	0.74
	0.54
	1.91
	0.77
	0.33

	
	4
	
	Without binder
	150°C
	0.74
	0.59
	9.72
	4.30
	0.21

	
	5
	B
	With binder
	450°C
	0.76
	0.42
	11.50
	3.70
	0.18

	
	6
	
	Without binder
	450°C
	0.71
	0.46
	4.41
	1.14
	0.26

	
	7
	B
	With binder
	150°C
	0.65
	0.57
	1.09
	0.41
	0.36

	
	8
	
	Without binder
	150°C
	0.77
	0.56
	2.40
	1.04
	0.29

	Spray coating
	9
	A
	With binder
	450°C
	0.71
	0.57
	16.18
	6.65
	0.30

	
	10
	
	Without binder
	450°C
	0.73
	0.49
	9.74
	3.52
	0.30

	
	11
	A
	With binder
	150°C
	0.73
	0.57
	6.16
	2.58
	0.28

	
	12
	
	Without binder
	150°C
	0.74
	0.44
	3.92
	1.29
	0.4

	
	13
	B
	With binder
	450°C
	0.76
	0.45
	17.54
	6.10
	0.12

	
	14
	
	Without binder
	450°C
	0.74
	0.53
	9.02
	3.61
	0.42

	
	15
	B
	With binder
	150°C
	0.67
	0.38
	7.40
	1.89
	0.21

	
	16
	
	Without binder
	150°C
	0.62
	0.34
	4.92
	1.06
	0.24


Table 1. The summary of open circuit voltage (VOC), short circuit current density (JSC), fill factor (FF) and power conversion efficiency (PCE) of the screen printed and spray coated dye sensitised solar cells on FTO coated glass substrates, in relation to the formulation binder system, solvent used and its curing temperature. (A: de-ionised water and B: Tert-butanol)
The J/V curves of DSSCs in which the TiO2 films were spray coated and annealed at 150 °C, and the corresponding devices annealed at 450 °C for comparison, are shown in figure 6 (a, b) respectively. At 150 °C, PCEs of 2.58 % and 1.29 % were obtained from the formulation using a water solvent, with and without a binder system, whereas PCEs of 1.89 % and 1.06 % were obtained from the formulation with the tert-butanol solvent, with and without a binder system. In this case, the with binder system delivered higher efficiencies when compared to the without binder system and this contradicts the results obtained when screen printed. This could be explained by the spray coating ink having a lower viscosity and lower concentration of the Tinder X-100 binder than the screen printing paste. The lower concentration of binder leads to a high porosity of the spray coated TiO2 film resulting in more dye molecules attaching onto the TiO2 nanoparticles and hence a higher efficiency for the with binder system Triton X-100 using water and tert-butanol solvents. By comparing the cells performances across different processing temperatures in the same formulation and deposition method, the PCE obtained from the high temperature processed TiO2 cells exhibits around double the PCE obtained from the low temperature processed cells, as shown in Table 1. The high temperature processed DSSCs were achieved with a PCE of 7.41 % via screen printing and 6.65 % via spray coating based on the formulated TiO2 paste/ink. The reason can be caused by the binder burning off and the further nano-crystallization of the TiO2 film under the higher temperature which benefits the dye loading and charge transport. Based on the PCE results obtained from screen printing and spray coating in the low temperature process, the following statements can be made. Screen printing offers the best performance devices as it uses higher viscosity TiO2 paste for printing which may help to attach more dye molecules than spray coating. Therefore, the screen printed cells without binder system in a water solvent exhibit better performance than the spray coated cells but lower performance than the screen printed cells with a binder system. However, the spray coating benefits from a lower concentration of the functional ink, leading to higher film porosity and better control over the film thickness down to sub 10 µm scale.

Conclusions

In summary, different formulations of a low temperature processed TiO2 film have been developed and investigated in this study using both screen printing and spray coating techniques. The high temperature processed DSSCs were successfully achieved with a PCE of 7.41 % based on the formulated TiO2 paste/ink via screen printing and 6.65 % via spray coating, at the same time, low temperature processed DSSCs has been achieved with a PCE of 4.3 % via screen printing and 2.58 % via spray coating. Both screen printed and spray coated DSSCs on glass substrates have been demonstrated using a low temperature annealing processing. This optimized formulation is suitable for mass production and can provide low cost processing photo anode materials suitable for a wide range of potential flexible substrates, such as flexible plastics and wearable textiles.
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