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Abstract: Solution based processes such as screen printing and spray coating are established processes for fabricating organic solar cells (OSCs) on flexible polymer substrates. However, realizing a flexible solar cell on a textile substrate remains a significant challenge due to the properties of the textile itself, which can present an absorbent, rough and fibrous surface. The textile also limits processing temperatures which can reduce functional materials performance. In this work, we demonstrate an optimized fabrication approach using entirely spray coating to fabricate textile OSCs with a power conversion efficiency (PCE) of 0.4 %. An interface layer is first deposited on the standard woven textile that forms a smooth supporting layer for the subsequent spray coated functional layers. A top encapsulation layer is deposited on top of the fabricated textile OSCs, which improves the durability and life time of the OSCs is evidenced by cyclic bending test.
Introduction
There is considerable interest in wearable technologies in, for example, healthcare applications where e-textile embodiments are an attractive option. Other e-textiles applications include sports and fitness, military clothing, and the performing arts.[1] Powering such e-textile systems remains a challenge with commercial batteries being unsuitable. Power supply requirements will vary, but will be in the order of milliwatts for the majority of wearable devices involving sensing and data transmission.[2] Photovoltaic (PV) cells are one of the most promising energy harvesting techniques that could supply the power required by these wearable[3] and e-textile systems. 
	
Developing a reliable and consistent fabrication process capable of functionalizing and realizing an organic solar cells (OSCs) on the surface of the textile is a significant challenge. Textiles are very difficult substrates to work with due to their surface topology, porosity, pilosity and the constraints imposed on processing temperatures. These mean the existing processes and technologies cannot be simply applied directly onto the textile.  To date, examples of textile solar cells use amorphous silicon modules or flexible Copper Indium Gallium Selenide (CIGS) solar cells. These are both fabricated separately as a standalone panel that is simply attached to the fabric.[4] Although the efficiency of silicon solar cells has reached power conversion efficiency (PCE) of 25%,[5] it is a rigid technology and unsuitable for large area textile integration. Thin film CIGS cells are generally considered as toxic and use expensive materials and therefore may not be suitable for wearable applications. However, a new generation of flexible dye sensitized solar cells (DSSCs), OSCs and perovskite solar cells (PSCs) offer good potential for integration onto the fabric.[6] 

This paper presents the optimization of OSCs on fabric substrates using a spray coating technique. This approach provides a low weight solution that minimizes the impact on the feel of the fabric. Integrating these solar cells on textiles requires devices to be flexible, durable and fabrication processes familiar to the textile industry should be used such as screen printing, inkjet printing, spray coating and doctor blading techniques.[7] The DSSC is a sandwich structure that typically comprises two fluorine tin oxide (FTO) coated conducting glass overlapped together with liquid redox electrolyte injected in between them.[8]   One of the FTO electrodes is coated with a dye sensitized titanium dioxide (TiO2) photo anode, and the other one is a counter electrode formed from a platinum coated FTO glass substrate.[9] Several papers have reported fabric DSSCs realized by simply replacing the FTO glass counter electrode with a conductive fabric such as a carbon nanotube coated textile,[10] nickel coated woven polyester fabric[11] or a graphene coated cotton fabric[12] whilst retaining the dye sensitized photo anode on the FTO glass substrate.  In these examples, the coated fabric electrode is simply adhered to the dye sensitized FTO glass and therefore the cells remain inflexible. Previously, we have investigated liquid state DSSC on Kapton and polyurethane coated cotton fabric that demonstrated PCE of 7.03% and 2.78% respectively.[13] This device structure involved the fabrication of the photo anode on Kapton and fabric substrates, but again a rigid FTO glass coated with carbon was used as the top electrode and the DSSC remains inflexible. Other works report fibre based textile DSSCs[14] and OSCs[15] that can be woven into a textile. The PV performance of these fibre based solar cells must not be affected by the physical stress associated with the weaving/knitting processes[16] and are also subject to partial shading of the PV fibre.

Bedeloglu et al.[17] has demonstrated OSC fabrication on a non-woven polypropylene textile tape substrate using evaporation and spin coating techniques. This device achieved a PCE of 0.2% but the processes are not compatible with textile manufacturing. Krebs et al.[18] used a standard woven textile and smoothed the surface by laminating on a polyethylene film. Functional layers were deposited using both evaporation and spin coating methods after plasma treating the polyethylene film.  However, the devices short-circuited due to the rough surface. Someya et al. has recently demonstrated the fabrication of OSC on flexible parylene substrates and covered by a 1 µm thick parylene encapsulation layer. The devices are claimed to be washable and stretchable[2] and achieved a PCE of 7.9%. However, they suffered PCE degradation during cyclical stressing and washing. The authors claimed there is the possibility for these devices to be fabricated on a fabric substrate, but this has not been demonstrated. Other fabric solar cells involve the functional layers being fabricated on flexible and conductive plastic substrates that are then simply adhered to a textile. For example, Lee et al. fabricated OSCs on a flexible polyethylene terephthalate/indium tin oxide (PET/ITO) substrate, which was then attached to a conductive fabric which acted as the bottom electrode.[19] Xiaomin et al. developed an organic PV that achieved a  PCE of 10% on an ultrathin plastic polyimide substrate . This was adhered onto  a textile substrate by hot melting the plastic substrate.[20] PSC technology is not yet fully developed, although some highly promising progress has been made. J. Y. Lam et al. demonstrated PSCs on textiles that achieved a PCE of 15%.[21] Polyethylene naphthalate/Indium tin oxide  (PEN/ITO) plastic substrates were used as the substrate along with evaporation and spin coating techniques to deposit layers. These limit the scalability of the manufacturing processes of the textile solar cells. These approaches follow the conventional method of gluing the solar patch on the textiles rather than integrating the PV functionality onto, or in the textile.

Printing on fabrics is a solution based fabrication technique familiar to the textile industry and able to add functional layers on top of a conventional fabric. Screen printing, inkjet printing and dispenser printing are three typical processes used to print smart e-textile devices.[22] Screen printing and dispenser printing processes are suitable for relatively thick layers of 10 microns and are not suitable for OSCs. Spray coating is a potential process for realizing thinner films on textiles and for the fabrication of large area flexible solar cells.  Spray coating is based on a pressurized aerosol mist of liquid particles and it could deposit a uniformly distributed thin functional layer. It is a recognized alternative to spin coating and is a non-contact deposition process as opposed to, for example, screen printing. Spray coating also benefits from a wider range of acceptable rheological parameters compared to inkjet printing, which strictly limits these properties. 

Brabec et al. reported a fully solution processed semi-transparent OSC using low temperature processes with silver nanowires (AgNW) employed as both bottom and top electrodes.  PCEs of 2.9% and 2.2% were obtained from two different active layers.[23, 24] These devices were fabricated using both spray coating and doctor blading techniques. Previously, the authors have demonstrated a fully spray coated OSCs on glass and fabric substrates that achieved low PCEs of 0.1% and 0.02%, respectively.[7] After optimizing the functional layer thicknesses, the PCE has been improved values of 3.9% and 1.23% on glass and fabric substrates respectively.[25] This is the highest reported PCE to date from a spray-coated textile OSCs. However, these previous studies raised reliability issues. The durability can be improved by using an encapsulation layer to protect the textile solar cells by preventing abrasion and reducing stresses experienced during bending. Another issue was the rigid silver adhesive used to form the electrical contact to the top semi-transparent electrode. This rigid connection was a source of failure during bending and should be replaced by a flexible contact. It is worth noting that the active layer formulation (PI-4, supplied by InfinityPV) used in this paper is different to the formulation used in previously work.[25] The PV2000 active layer formulation supplied by Plextronics used previously is no longer available. This paper presents an investigation using the new PV formulations and presents results obtained from the bending tests on encapsulated OSCs on textile substrates. 
Results and Discussion
Figure 1a and b shows a plan and cross-sectional view of the woven 65/35 polyester cotton fabric with interlacing warp and weft yarns, which illustrates the rough surface profile of the material. Figure 1c shows the fabric after printing the interface with three layers giving an average overall thickness of 250 µm being required to obtain a smooth interface surface. Figure 1d shows the spray coated functional layers on an interface coated fabric substrate. Devices were fabricated in batches with active layer thickness varying from 400 nm to ~4 µm and a thickness of 2 µm was found to give the maximum efficiency. In comparison, the previously used PV active formulation (PV2000) had an optimized thickness of 200 nm. The subsequent PEDOT: PSS layer is difficult to observe in the cross-section image, since it is only 50 nm thick.   Figure 2(a, b) shows a pictorial representation of the spray coating processing of the fabric solar cells. The spray coating process was repeated for each of the 5 different functional layers. Figure 2(a) also shows the isometric view of the spray coated solar cells on the fabric with 8 pixels being fabricated in one device.

[image: ]
Figure 1: a) Plan view and b) Cross-sectional view of woven 65/35 polyester cotton fabric substrate. c) Interface coated fabric substrate. d) Cross-sectional SEM image of spray coated functional layers’ sequence on the fabric substrate.

Figure 2: Isometric pictorial representation: (a) a step of one functional layer deposition of textile solar cells fabrication by spray coating and (b) the full schematic diagram of the spray coated textile organic solar cells with each layer defined. 

The J/V measurements of the solar cells studied in this work are shown in Figure 3 and the results are summarized in Table 1. In this work, three different device types denoted 1, 2 and 3 were fabricated with types 1 and 2 being reference devices. Device type 1 was fabricated on a FTO glass substrate and achieved a maximum PCE of 1.5% with a fill factor (FF) of 0.26, open circuit voltage (VOC) of 0.56 V and current density (JSC) of 10.6 mA/cm2. Device type 2 was fabricated on a plain glass substrate with the bottom FTO electrode replaced by a spray coated silver precursor layer with all other functional layers being identical to device type 1. It gives a maximum PCE of 1% with a FF of 0.24, VOC of 0.52 V and JSC of 8.06 mA/cm2.  Device type 3 was fabricated on the waterproof interface coated textile substrates and resulted in a maximum PCE of 0.4% with a FF of 0.24, VOC of 0.5 V and JSC of 3.44 mA/cm2.  The VOC and FF values for the spray coated OSCs on device types 2 and 3 are very close, but the JSC is lower for the fabric OSCs, due to charge recombination in active layer. There were 48 devices fabricated for each type and these were measured in an ambient atmosphere immediately after fabrication in a nitrogen glove box and the best performing cell in terms of conversion efficiency is reported for each device type. 



[image: ][image: ]
Figure 3: J/V characteristics of OSCs fabricated on FTO (type 1), bare glass substrate (type 2) and fabric substrates (type 3) using the spray coating method. 

The measurement results across the 48 devices show a wide variation in the conversion efficiencies with some being 1 to 2 orders of magnitude lower than the best performing device, which highlights the importance of controlling the process parameters. In addition, there is a significantly reduction in PCE in comparison with our research work using the PV2000 active formulation that achieved 1.23%. The EQE (ratio of charge extracted to incident photons) of device type 1 and the UV-Vis measurements of the functional layers is shown in Figure 4. The normalized EQE spectrum of the type 1 device extends throughout the near UV-visible region with the peak at 620 nm. The absorption of the ZnO-NP/active layer/PEDOT: PSS used in the type 1 device measured excluding the anode and cathode showed a slight difference in the maximum absorption peak at 625nm compared with the EQE peak. This may be due to parasitic absorption in the ZnO-NP and PEDOT: PSS layers showed a shoulder peak at 680nm.  

[image: ]
Figure 4: EQE and UV-Vis spectra of type 1 device. 





	Table 1. Summary of the spray coated solar cell characteristics on both fabric and glass substrates

	Device Types
	Device configuration
	VOC
	FF
	JSC (mA/cm2)
	PCE (%)

	Type 1
	Glass/FTO/ZnO-NP/Active layer/PEDOT: PSS/AgNW
	0.56
	0.26
	10.6
	1.5

	Type 2
	Glass/Ag-NP/ZnO-NP/ Active layer /PEDOT: PSS/AgNW
	0.52
	0.24
	8.06
	1.0

	Type 3
	Fabric/Ag-NP/ZnO-NP/ Active layer /PEDOT: PSS/AgNW
	0.50
	0.24
	3.44
	0.4



Further devices were then encapsulated to protect the functional layers and to improve the stability in air as shown in Figure 5a. Un-encapsulated cells do not survive beyond 2 days when exposed to air.  Encapsulated cells showed no reduction in PCE after the first 30 days, but after a further 30 days, the PCE has decreased to 0.3%. After 60 days the devices were still working but at less than 0.1% and none survived after 90 days. The reduction in PCE over time for the encapsulated devices reflects the time taken for the oxygen molecules to migrate through the encapsulation layer.  To measure the flexibility and durability of the fabric PV devices these were attached to a conveyor belt that forces the PV cells around a given radius, as shown in Figure 5b. The encapsulated cells were placed in a pocket on the belt with the solar cells facing both inwards and outwards which exposes the devices to both compressive and tensile strains respectively. 

[image: ]

Figure 5: (a) Photo image of the encapsulated spray coated solar cells on textile, and (b) Photo image of the bending machine for testing the durability of the spray coated solar cells on textiles.

The device performance was measured after multiple cycles around a radius of 25 mm. The J/V curves for the cells taken after different numbers of tensile and compressive bending cycles are shown in Figure 6a and b and the results are summarized in Table 2. After 5 tensile bending cycles there was no change in the efficiency value, but after a further 5 cycles cells efficiency reduced by 50% to 0.2% while the VOC of the device decreases to 0.32 V. The efficiency continues to fall with further cycles with PCE of 0.05% and 0.03% after 15 and 20 cycles respectively with the VOC constant at 0.2V. After 30 bending cycles the cells stop working entirely. The cells are even more sensitive to compressive strains and although it maintains 0.4% efficiency for the first 5 cycles, the efficiency falls to around 0.1% after 10 cycles and they failed entirely after 20 cycles.  
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Figure 6: J/V curves of device type 3 after (a) outer and (b) inner bending cycling tests. 
[bookmark: _GoBack]



	Table 2.  Summary of the tensile and compressive bending cycling test of fabric substrates (type 3)

	Cycles
	Tensile bending cycles
	Compressive bending cycles

	
	VOC (V)
	FF
	JSC (mA/cm2)
	PCE (%)
	VOC (V)
	FF
	JSC (mA/cm2)
	PCE (%)

	5
	0.50
	0.24
	3.44
	0.4
	0.50
	0.24
	3.44
	0.4

	10
	0.32
	0.24
	2.83
	0.2
	0.24
	0.25
	1.81
	0.1

	15
	0.20
	0.25
	1.12
	0.05
	0.14
	0.25
	0.74
	0.02

	20
	0.20
	0.25
	0.64
	0.03
	0.05
	0.25
	0.40
	0.006

	25
	0.07
	0.24
	0.11
	0.001
	-
	-
	-
	-













Deterioration in device performance failure eventually is due to the physical damage to the film interfaces from the compressive and tensile strains. The ability of the cells to withstand bending stresses can be improved by locating the active layer at the neutral axis. If the Young’s modulus of the encapsulation and interface layers is known and by controlling the layer thicknesses, the active layer can be placed at the neutral axis where the bending strain is zero.[26] However due to the different tensile and compressive moduli of the textile, layers thicknesses will be a compromise and complete negation of both tensile and compressive strains not possible.[27] 

Conclusions
In summary, fully spray coated fabric solar cells on standard polyester cotton fabrics have been demonstrated with an optimized fabrication process. The screen printed interface layer significantly reduces the surface roughness and exhibits sufficiently high surface energy to enable subsequent deposition of functional inks. A maximum PCE of 0.4% was obtained for the cells on fabric. Although this is lower than the previous textile solar cells fabricated using PV2000, the PI-4 active formulation benefits from an increased optimised thickness, which significantly increases the yield of the functioning cells and minimizes short-circuits. All spray coated functional layers are not performing the best surface morphology compared to the vacuum deposited conductive layers. This highlights the importance of achieving high quality conductive layers by vacuum deposition techniques to an increased PCE value. The solar cells have been encapsulated to provide additional protection and improve durability. The bending test indicates the encapsulated solar cells on fabric can survive up only to 25 cycles and interface and encapsulation layer thicknesses must be controlled to improve this. The encapsulation layer did increase resistance to oxidation effects enabling devices to survive up to 90 days. Although this is an improvement compared with unencapsulated devices, there is clearly still a requirement to further improve durability.  











Reducing the permeability of the encapsulation layer and optimizing the layer thicknesses such that the active film is located close to the neutral axis could enable solution processed fabric solar cells to be used in practical applications. 

Supporting Information Summary
The Supporting Information contains experimental section, including, materials used in the research work, screen printing of interface layer on textiles, fabrication of OSCs by spray coating, characterization of solar cells and reference.
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	A fully spray coated organic solar cell fabricated directly on to standard polyester cotton fabric demonstrates an efficiency of 0.4%. A flexible interface layer smooths the fabric surface, subsequent functional films are deposited by spray coating and encapsulated to increase the lifetime and durability of the cells. Processes performed in a nitrogen environment and temperatures limited to 150oC. This approach can fabricate solar cells on any textiles. 
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