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Abstract
Recently, the demand for lightweight, flexible and wearable dye-sensitized solar cells has been increased rapidly. One driver for this is to meet the challenge of supplying power in e-textiles applications. Integrating this functionality in the textile will result in an improved feel of the fabric compared to the current approach of the integration of conventional plastic solar patches. A low temperature processed TiO2 paste was used in this work to develop a fabrication method based on screen printing and spray coating to obtain photovoltaic textiles. The fabrication method used is low temperature and is compatible with Kapton and standard woven 65/35 polyester cotton fabrics. Comparing to the latest literatures, [1-3] our results show an improved PV efficiency of 7.03% and 2.78% on Kapton and fabric respectively when using a platinum coated fluorine tin oxide (FTO) glass as the top electrode.
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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. Solar energy has become a ubiquitous renewable energy source converting solar energy directly into electrical power with no negative environmental impact when in use.[4] Monocrystalline silicon and polycrystalline silicon solar cells are the first generation of solar cell pioneering the solar cell market in the photovoltaic industry. However, the high material cost, and the high level of energy consumption in their manufacturing process has led to the development of second generation solar cells. Second generation solar cells are mainly thin film based such as copper indium gallium selenide (CIGS) and cadmium tellurium (CdTe) solar cells. Both of the first two generations of solar cell have demonstrated high efficiencies of over 20%.[5] These materials reduce the production cost in compared to first generation solar cells but their manufacture requires high temperature processing. Also, the toxicity of the materials used is a major concern in the second generation of solar cell. However, both generations suffer from high cost of raw materials, complex manufacturing process materials toxicity. Therefore, recent research has focused on third generation solar cells based on polymer organic, perovskite and dye-sensitized solar cells. Third generation solar cells use low cost materials and manufacturing and can be adapted for flexible applications.[6]

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 precludes the majority of potential flexible substrates such as plastic and wearable textiles.  The state of the art in the low temperature processed TiO2 DSSCs offer a power conversion efficiency (PCE) of 5.76%.[7] Approaches to the fabric DSSCs have replaced one of the two FTO coated glass slides with conductive fabrics, for example, carbon nanotube coated fabrics,[1] nickel coated woven polyester fabrics[3] and graphene coated cotton fabrics[2] and polypyrrole coated cotton fabrics.[3] Recent studies show an increasing interest in fabricating flexible DSSCs for on plastic films and fabric substrates.[1-3, 8, 9] Therefore, the development of a low temperature processed TiO2 layer on a flexible substrate is an important step to enable the realization of DSSCs on the plastic and fabric substrates.

Experimental Methods 
Materials
Two different flexible substrates are used in this research: a polyimide film (Kapton) supplied by Dupont and a standard woven 65/35 polyester cotton fabrics. The approach described in detail below uses a screen printable polyurethane based interface paste (Fabink-UV-IF1, supplied by Smart Fabric Ink Ltd.) to smooth the fabric surface. Dupont 5000 screen printable conductive silver paste is used for the bottom electrode acting as the photo anode conductive layer. Titanium oxide (TiO2, Aeroxide P25) nanoparticles of primary particle size 21 nm supplied by Sigma Aldrich is used to formulate the electron transporting layer (ETL) in the DSSCs. The non-ionic surfactant binder is Triton X-100 and the particle stabilizer is acetylacetone both supplied by Sigma Aldrich. De-ionised water was used as the solvent for low temperature annealing of TiO2. A FTO pre-coated glass slide is used for the counter cathode, supplied by Solaronix (TCO 22-7); this offers a high transmittance in the range of 400 nm to 700 nm. Ruthenizer 535-bisTBA an N719 dye is supplied by Solaronix. Platisol-T is used as the precursor to make the platinum layer for the counter cathode and iodine/iodide solution (I-/I3-) is used as the liquid electrolyte both supplied by Solaronix. All the above materials were used as supplied with no further modifications for functional ink formulation and fabrication. In addition, alumina tiles, supplied by Hybrid Laser Tech Ltd. are used to hold the fabric and Kapton substrate flat during processing.

Fabrication of fabric DSSCs
The construction of the fabric solar cell begins by screen printing (Figure 1(a)) an interface layer onto the fabric substrate (Figure 1(b)). The purpose of the interface layer is to reduce the surface roughness of the fabric and present a smooth layer to support the subsequent screen printed functional films. The screen design ensures that the interface layer is only printed where subsequent layers are required thereby maintaining the fabric’s flexibility and maximising breathability when compared to commercial pre-coated fabrics. The printer squeegee pressure setting was 6 kg and the printing gap was 0.8 to 1 mm. The film is cured with a UV dose of 1500 mJ/cm2 thereby avoiding a thermal curing process that would release potentially harmful volatile organic compounds. The printed interface layer has a surface free energy of ~35 mN/m measured using a Kruss DSA30B tensiometer. This value confirms that the surface promotes the wettability of the majority of solvent based functional electronic inks. 

The interface layer coated fabric substrate (IF fabric) has good thermal resistance and can withstand processing temperatures of 150oC for up to 45 minutes in a conventional thermal oven without degradation. This is important since the maximum temperature constrains the materials and processes that can be used in subsequent film depositions. The 65/35 polyester cotton fabric is a commonly used standard textile in clothing. The structure used in both the Kapton and fabric based DSSCs is shown in figure 1(c), which is the standard DSSCs structure. The screen printable interface paste is not required for the Kapton substrate since it is sufficiently smooth for subsequent layer deposition.
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Figure 1. (a) The front view of the DEK 204 automated screen printer (b) Cross-sectional view of the fabrication of the screen printed interface layer on woven polyester cotton fabric, (c) The standard dye sensitised solar cells (DSSCs) structure used on the flexible substrates.

The solar cells were prepared using a screen printable conductive silver paste (Ag, Dupont 5000) as the bottom electrode. The silver ink was screen printed onto the Kapton/fabric on top of the interface coated substrate. A low temperature processed TiO2 paste formulation from our previous research was used and the focus of this paper is the development of the screen printed DSSCs on fabrics.[10] The screen printing was used as the main fabrication method to fabricate DSSCs on the Kapton and woven polyester cotton fabric substrates. The TiO2 paste was prepared by mixing the TiO2 nanoparticles (Aeroxide P25) with a combination of solvent, stabilizer and binder system, as described in the following paste formulation. The TiO2 screen printing paste was formulated using TiO2 powder (6 g) + acetyl acetone (0.2 mL) + de-ionised water (4 mL) + Triton X-100 (0.1 mL). The TiO2 paste was deposited on top of the silver layer using the screen printer. The TiO2 films were then annealing at 150oC in the oven for half an hour, and then immersed into the dye solution (100mg of Ruthenizer 535-bisTBA dissolved in 10ml of ethanol) for 4 hours. The Platisol-T was drop casted onto the FTO glass substrate and then annealed at 450oC for half an hour to convert to platinum. This high platinum annealing temperature is applied to the glass substrate only and will not affect the Kapton/fabric substrates. The platinum coated FTO glass substrate is used as the top electrode. The two electrodes were clipped together with the injected liquid electrolyte I-/I3- in between.  The structure in this experiment was half flexible and half rigid glass which is an intermediate stage towards the final objective of fabricating the fully DSSCs on a fully flexible substrate with a solid state electrolyte. 

Characterization and Measurement
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 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. Transmittance measurements were examined using Bentham PVE 300 PV instrumentation.
Results and Discussions
Figure 2 (a, b) shows the top view images of the screen printed TiO2 and silver layers on Kapton and interface coated fabric substrates. Figure 3 (c) shows the SEM cross sectional view of the interface coated fabrics with a smooth top layer. Figure 3 (d) shows the FESEM cross sectional view of the screen printed TiO2 and silver layers on the Kapton and interface coated fabric substrates, indicating that the thickness of the screen printed TiO2 is around 15 - 20 µm.  Both FESEM images were taken before the dye loading process. Both indicate a film thicknesses above the ideal thickness of 10-12 µm [11, 12] and hence cracks are observed on the screen printed films. Moreover, the printed TiO2 films on the fabric substrate bulged up due to deformation of the interface layer after annealing and demonstrated fragility and poor uniformity. However, a good quality flat printed TiO2 film is observable on the Kapton substrate after annealing.
 
Table 1 summarises the measured and characterised results of the both screen printed DSSCs on Kapton and the interface coated fabric substrates following the low temperature process. Both types of DSSCs were measured under the same conditions with the cell area of 0.04cm2 for Kapton and 0.02cm2 for fabric substrates. Kapton based DSSCs achieve the highest PCE of 7.03% with a VOC of 0.6V, a FF of 0.36 and a JSC of 32.85 mA/cm2. Interface coated fabric based DSSCs have a PCE of 2.78%, with a VOC of 0.3V, a FF of 0.25 and a JSC of 36.56 mA/cm2. Figure 3 (a) shows the J/V curve of the screen printed DSSCs following the low temperature process on both Kapton and interface coated fabric substrates. It can be seen from the J/V curves that the fabric DSSC shows a linear behaviour but with a current offset. It is believed the TiO2 layer was damaged as a result of the fabric substrate deformation caused by the annealing and dye loading stages. The dye loading in particular significantly changes the fabric interface uniformity as the entire fabric rolled up resulting in delamination and flake-off of the printed TiO2 layer which suffers from the weak bonding forces to the substrate. Alternative approaches need to be investigated to avoid the interface coated fabric substrate deformation as a result of annealing. 
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Figure 2. Plan view of the screen printed photo anodes on (a) Kapton and (b) interface coated fabrics, Cross sectional SEM view of (c) the standard woven 65/35 polyester cotton fabric and (d) the screen printed TiO2 and Ag layers on Kapton (left) and interface coated fabric (right) substrates.

	Device substrates
	VOC, V
	FF
	JSC, mA/cm2
	PCE, %
	Area, cm2

	Kapton
	0.60
	0.36
	32.85
	7.03
	0.04

	Fabric
	0.30
	0.25
	36.56
	2.78
	0.02


 Table 1. Summary of the measured results on the Kapton and interface coated fabric based DSSCs with Ag as the conductive bottom electrode.

[image: ][image: ] Figure 3. (a) J/V characteristics of the screen printed DSSCs following the low temperature process on both Kapton and fabric substrates and (b) Transmittance spectra of glass/FTO and Glass/FTO/platinum substrates.

The transmittance spectra plot of the platinum coated FTO glass substrate is shown in figure 3(b) alongside a standard counter electrode FTO glass substrate for reference. Topside illumination is used through the platinum/FTO glass substrates. It can be seen that the platinum coated electrode shows high transmittance characteristics in the visible region of 450-750 nm.
4. Conclusions
In this work, screen printed DSSCs on Kapton and fabrics have been fabricated and achieved PCEs of 7.03% and 2.78%, respectively. The Kapton based devices showed good printed layer quality and uniformity due to the high chemical and temperature resistance of the polyimide Kapton film. However, the interface coated fabric based devices suffer from interface deformation after printing the functional layer on top during the annealing stage. However, both screen printed DSSCs on Kapton and fabric have been demonstrated using a low temperature process. This fabrication method is suitable for the majority of plastic substrates and offers a low cost process for DSSC manufacturing. However, future research is needed to overcome the interface deformation in order to increase and optimise the PCE of fabric based DSSCs.
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