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Abstract— In this paper, organic light emitting electrochemical cells (OLECs) have been fabricated on a substrate consisting of a standard woven polyester cotton textile. The textile substrate is pre-smoothed by first screen printing a UV curable polyurethane layer, termed the interface layer. Solution processed spray coating is then utilized to deposit all the functional layers on the textile to achieve fully spray coated flexible OLECs. OLEC devices were initially fabricated on ITO coated glass substrates for the process optimization. Then, the OLECs were fabricated on flexible textile using the optimized spray coating process. Finally, both OLECs devices on the glass and textile substrates were encapsulated by stencil printing epoxy before testing in an ambient environment. The OLECs on ITO coated glass exhibit a turn on voltage of 3 V, a brightness level of 200 cd/m2 and a lifetime of at least 60 minutes. The OLECs on textile exhibit a turn on voltage of 4 V, a brightness level of 80 cd/m2 level and a lifetime of at least 30 minutes.
Index Terms— spray coated OLECs; light emitting textiles; super yellow polymer; E-textiles; light emitting electrochemical cells.
I. 
INTRODUCTION
E
LECTRONIC textile (e-textile) development has been a fast-growing research topic over the last two decades, particularly in the area of wearable electronics [1]. Researchers from different disciplines such as chemical synthesis, materials science, electronics, manufacturing, and product development have been working together to push e-textiles technology forward towards commercialization [2]. 

E-textile research activities on textiles to incorporate light emitting devices has been undertaken. Light emitting textiles can be achieved by weaving optical fibres  into standard textiles, but the light emission area is limited and constrained to the fibre geometry [3]. Off-the-shelf light emitting diodes (LEDs) can be manually sewn into textile or integrated into a yarn [4, 5] and the approach is limited to achieving single point light sources [6]. Another approach to realise light emission from a textile is to print flexible light emitting devices directly onto the textile. Early examples demonstrated flexible alternating current (AC) driven inorganic electroluminescent (EL) functionality on textiles [7]. However, the EL devices’ driving voltage is typically over 100 V. The achievable range of EL lamp colours is also limited. Organic light emitting electrochemical cells (OLECs) and organic light emitting diodes (OLEDs) are both thin film devices which emit a colour determined by the energy gap in the organic semiconductor active layer. OLECs, when compared to OLEDs, offer the advantages of environmentally friendly chemicals, solution processing, light weight, and flexibility. Flexible OLEDs have however also been realised on textile [8], but the structure involves the deposition of at least six functional layers via vacuum deposition, which makes device fabrication complicated and challenging to achieve in large area electronics’ applications. 
OLECs and OLEDs differ in respect of the existence of mobile ions in the active layer of OLECs which are not present in OLEDs [9]. Further, OLEDs require precise control of the thickness of the active layers to achieve optimal levels of light emission; fabrication must also be undertaken under high vacuum and in an inert atmosphere. In contrast, an OLEC device operates with a single active layer sandwiched between two electrodes and fabrication uses a set of cost effective and scalable solution processing techniques. In OLEC devices mobile ions blend internally and externally with the organic semiconductor in the active material and redistribute across the junction in the active layer when the device is biased. The electrons and holes formed can be efficiently injected into a single layer of the OLEC active material from the top (cathode) and bottom (anode) electrodes to emit bright light 


[10, 11] ADDIN EN.CITE . 
The first OLEC device was reported by Pei et al. in 1995. Orange colour OLEC devices were fabricated on ITO glass substrates using a spin coating method [12]. Subsequently, Edman’s group undertook intensive research activities on OLEC devices fabricated using slot die coating, [13] spray coating [14] and utilizing printing methods such as inkjet, [15] gravure [16] and screen printing [17]. The integration of OLECs has been reported on a broad range of substrates such as plastic [18], paper [19], and stainless steel wire [20].  Asadpoordarvish et al. reported solution processing  of flexible OLECs on paper substrates which had a  surface roughness of 5 μm [19]. These OLECs emitted yellow light with a luminance of 200 cd/m2 at a current conversion efficiency of 1.4 cd/A. All functional layers in these papers based OLECs were deposited using spray coating in air. However, six different functional layers are required to complete the devices, including PEDOT: PSS as a planarizing layer on top of the paper substrate. Zhang et al. reported the fabrication of yellow and blue polymer OLECs on stainless steel fibres [20]. Recently Lanz et al. reported the fabrication of OLECs on a woven textile [21]. The anode and active material were deposited by spray coating on a transparent conductive fabric which acted as the bottom cathode. The devices emitted yellow light at 5 V excitation with a brightness of 4000 cd/m2, a current efficiency of 3.4 cd/A, and a lifetime of 180 hours. This substrate, composed of a woven mesh of polymeric poly (ethylene naphthalene) (PEN) fibers and silver coated copper wires, is considered as a technical textile rather than being a standard wearable/woven textile.
Spray coating is an attractive non-vacuum based process and a recognized alternative to spin coating that has been used in several reported OLECs publications, as described above. Spray coating is a non-contact process, as opposed to, for example, screen printing. The spray coating process is ideally suited to large-scale deposition, unlike spin coating. 

The fabrication of OLECs on a standard wearable textile is reported by spray coating directly onto standard woven polyester cotton textile pre-treated with a screen printed a UV curable polyurethane layer, termed the interface layer. The spray coating process allows multiple devices to be batch fabricated simultaneously, decreasing manufacturing cost and offering improved reproducibility. A shadow masked spray coating process is used to realise the OLEC on the textile [22]. Comprehensive flexibility and durability assessment will be carried out in a follow-on study with the optical performance being measured while bending. In this paper, we first explain the details of the functional materials, their formulations, and the fabrication procedures to fabricate the OLECs on both glass slides and the woven textile substrate. In the same section, the differences in the fabrication process for the two different substrates is addressed. Test results on optical performance are then presented and discussed among the OLECs on the two different substrates.

II. Materials and fabrication methods

Materials:

All the materials and chemicals used for both glass slides and textiles substrates fabrications, are summarized in Table I. Materials/Chemical names, product numbers and suppliers’ company/country information are also listed in the table.

Table I. materials and chemicals used with product numbers and suppliers for both glass and textile substrates.

	Material
	Supplier

	PEDOT:PSS (Clevios P VP AI 4083)
	Heraeus (Germany)

	PEDOT:PSS (Clevios HTL Solar 3)
	Heraeus (Germany)

	Electroluminescent polymer super yellow (SY, PDY-123, Livilux), SY molecular 
	Merck (Germany)

	Ion-dissolving polymer, polyethylene oxide (PEO, Mw = 600,000 g/mol)
	Sigma Aldrich (UK)

	Potassium tri-fluoromethanesulfonate (KTF, 98%)
	

	Cyclohexanone (99%)
	

	Toluene (anhydrous, 99.8%)
	

	Silver (Ag) nanoparticles suspension (Silverjet DGP-40LT-15C)
	

	Silver nanowires (AgNWs) suspension (DM-SNW-8001)
	Dycotec Ltd (UK)

	Interface polyurethane paste (UV-IF-1004 and UV-IF-1039)
	Smart Fabrics Inks Ltd (UK)

	Conductive silver paint (186-3600)
	RS Components (UK)

	Encapsulation epoxy (OPTITEC 5020)
	Intertronics Ltd (UK)

	Indium tin oxide (ITO) display glass slides
	Guluo Glass (China)

	65/35 polyester cotton woven textile
	Klopman International (Italy)


Fabrication method on glass substrate:

All the spray coating steps were performed under ambient atmospheric conditions. The distance from the nozzle to the substrate for spray coating was 15 cm with a differential inlet/outlet pressure of 0.3 bar. The glass slides are rinsed with methanol, de ionized water and acetone in sequence to remove potential contaminations on top of the surface prior to functional coatings. Figure 1a shows the isometric diagram of the OLEC device structure for this research work. A PEDOT:PSS suspension in water is first spray coated directly on the ITO coated substrate and annealed at 120 °C for 20 minutes in a conventional box oven.
The OLEC active layer solution were prepared from the three variants such as electroluminescent polymer SY, and separate solutions of the ion-dissolving polymers PEO and salt KTF. The PEO and KTF were separately dissolved in cyclohexanone to form two solutions, each with 10 mg/ml concentrations. An SY solution was prepared with a 10 mg/ml concentration in toluene. When making the blended solution, 1ml of each of PEO and KTF solutions were added into the SY solution and then diluted with cyclohexanone to give a final solution with an SY concentration of 5 mg/ml. After mixing, the two active material solution blends were each heated at 60 °C to achieve a homogenous solution before deposition on the target substrate. The OLEC SY active layer was spray coated in an ambient environment while the substrate was heated to 140 oC to avoid uneven film surface formation. Then annealing was undertaken at 60 °C in a nitrogen filled box oven for 4 hours. Even though the hotplate temperature was set to 140 oC to cure the active layer, the actual temperature of the top layer is around 70 oC, due to the high heat loss through the alumina tile, textile substrate and the functional layers. To complete the OLEC structure, a semi-transparent thin layer of AgNWs was spray coated using a pre-defined shadow mask and dried at 60 °C for 10 minutes. The top electrode mask has been pre-defined to [image: image1.emf]AgNWslayer
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achieve eight light emitting pixels. Silver conductive paint was used to apply contact spots for testing.
The purpose of the conductive silver paint on top of the AgNW electrode is to provide a rigid support for the measurement stage probes as their conductive pins from the positioners can easily penetrate or damage the functional layers if no conductive paint is used Finally, an encapsulation epoxy was stencil printed on top of the transparent AgNW layer using a 1 mm thick predefined shadow mask; the encapsulation layer was then ultraviolet (UV) cured in a UV chamber using a 365 nm wavelength mercury lamp.


Fabrication Method on textile substrate:
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The woven textile is first screen printed with a polyurethane layer acting as an interface layer to reduce the textile’s surface roughness. The methodology of screen printing polyurethane on textile has been previously reported [23]. The same coating parameters and fabrication procedure was used as for glass, but with the following differences. As shown in the Figure 1b for textile OLECs, the ITO conductive layer pre-coated on glass substrates is replaced by a silver layer directly spray coated on the interface layer. This provides a bottom electrode with the requisite flexibility. The silver layer is formed from a conductive silver nanoparticle suspension. The PEDOT:PSS suspension in water previously used for the ITO coated glass substrate is replaced by a PEDOT:PSS suspension in toluene. This was spray coated on top of the bottom silver electrodes then heated at 120 oC for 20 minutes. When the OLEC active layer was deposited via spray coating at room temperature, we observed that the PEDOT:PSS layer partially dissolved. This issue was subsequently solved by spray coating the active layer on a heated textile substrate at a temperature of 140 °C.


Measurements:

Field Emission Scanning Electron Microscopy (FESEM, JSM 7500F, JEOL) was used to examine the cross section of the OLECs to evaluate the functional layers’ thickness. A UV/VIS/NIR (Cary 500, Varian) spectrometer was used for transmission and absorption measurement. A 340nm laser (M340L4, Thorlabs) mounted LED was used as the laser source for photoluminescence (PL) emission excitation. A Hamamatsu S9219-01 silicon photodiode with an in house-built power supply and signal amplifying/output circuit was designed and assembled for the electroluminescent (EL) brightness measurements. An OLEC device (g1y-p2, LunaLEC) was used to calibrate the EL brightness measurement device. The EL intensity and brightness emissions were measured from the top. Absorption and PL measurements were performed on both solution state and spray coated film. The absorption peak of the material indicates the range of optical source wavelengths which are necessary to carry out the PL measurement; the PL is excited by an optical source within the range of wavelengths [image: image3.wmf](a)
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identified in the absorption peak spectra. However, any wavelength below the absorption peak value will be able to excite PL emission. Due to the limitations in available laser sources, a 340 nm laser diode was used in this work.
III. results and discussion

Figures 2a and b show a light transmittance of more than 85% on an empty cuvette and a plain glass slide, respectively. These transmission plots demonstrate these two lab consumables are suitable to use to examine the device’s light emitting performance over the range 300 nm to 800 nm. The study of the absorption spectra of the SY polymer, both in the toluene solution and for the spray coated film, showed similar maximum absorption peaks at 445 nm and 455 nm, respectively. The absorption band for the spray coated film, shown in figure 2c, is a few nm broader when compared to that in the solution state shown in figure 2d. This may be attributed to the potential presence of a highly dense polymer aggregation, formed by spray coating a smooth film on the entire surface in the solid-state samples. Both ITO coated glass slide and AgNWs on glass slide transmission plots were obtained, as shown in figure 2e and 2f. The PL spectra for spray coated SY films were excited using a 340 nm wavelength laser source as shown in figure 2g. This corresponds to a minimum in the maximum absorption spectra in figure 2c and 2d. In Figure 2h, showing the PL response, the spray coated film emits an intense yellow emission peak at 518 nm. 


OLECs on glass slide:

OLEC devices on both glass and textile substrates have been investigated. The fabricated OLEC devices on ITO glass substrate are all operating as expected. Figure 3a shows an FESEM image of an OLEC device on ITO coated glass. As can be seen from FESEM image, the thickness of the OLEC SY active layer is around 400 nm. The light emission off/on state is shown in figures 3b and 3c, respectively. Figure 3d shows the I/V curve and the turn on voltage of 3.5 V which is defined as the voltage required to achieve a brightness of 1 cd/m2. It is expected that the turn on voltage could be reduced to the range of 2 V to 3 V if the weight ratio of the KTF salt is increased in the OLEC active layer, resulting from the high ionic conductivity of KTF. The higher ionic conductivity will typically result in facile electrochemical doping, resulting in a lower turn-on voltage [24]. However, increasing the ratio of the KTF salt resulted in the active layer solution precipitating in the spray nozzle while spray coating. 

The relative peak intensity of the light emission versus time is shown in figure 3e. The peak intensity drops to 10% of its original value after 20 minutes and then maintains this lower value for an hour without any further degradation. This can be potentially explained by the fact that, the encapsulation process was undertaken in an ambient environment, resulting in air being trapped in the sealed devices and thus leading to the degradation. However, stable device performance is achieved albeit after an initial intensity drop. The unencapsulated device on ITO glass degrades to zero emission within a few minutes. This can be explained by the oxidation of the top exposed electrode and decomposition of the active layer. 
Having identified a turn on voltage of 3.5 V, the EL spectra of the device with a voltage varying from 2 V to 14 V. The light intensity across the spectra with varying driving voltage is shown in Figure 3f. A wavelength of 543 nm is attained for the maximum light intensity emission. At a wavelength of 543 nm, the peak light intensity against the driving voltage is shown in Figure 3g. Figure 3g shows that the emission of light intensity increases above 7 V with a maximum intensity at 11 V. Above 11 V, the light intensity falls with increasing voltage because the device progressively degrades due to the high voltage. A maximum brightness level of 200 cd/m2 was observed. The fabrication yield of the spray coated OLECs on ITO glass substrates was very consistent with all tested devices functional and light emitting.  


OLECs on textiles:

Figure 4a shows each device has eight pixels as defined by the top AgNW electrode shadow mask. Each of these pixels is an independent light emission cell. Figure 4a shows the top view of the textile OLEC devices without a driving voltage. The device in operation and emitting light can be observed in figures 4b and 4c.  However, in figure 4b the light output is observed around the silver paint spot, used for making connection, without light emission therefore not being defined by the AgNW electrodes as expected. This can be caused by the AgNW electrode being too thick (~1 µm) thus obscuring light emission. In figure 4c the thickness of AgNW top electrode was reduced to ~200 nm and light output from the top AgNW electrode can be observed. There are two different PEDOT:PSS suspensions: one in water (conc. 1.3% to 1.7%) is used for the ITO coated glass substrate and the other in toluene (conc. 1.5% to 2.5%) for the woven textile substrate. When the PEDOT:PSS suspension in water was spray coated on the pre-deposited silver electrode the silver layer oxidized which decreased the silver electrode conductivity. When the PEDOT:PSS suspension in toluene was spray coated it formed a solid PEDOT:PSS layer and did not oxidize. Therefore, toluene was chosen as the solvent for the PEDOT:PSS suspension for the textile OLEC fabrication.
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The textile OLECs were driven by a constant current density of 2 mA/cm2 and observed to reach steady state light emission within a second, because of the time taken for the redistribution of the ionic salt in the active layer. The textile OLEC devices demonstrated comparable light emitting performance to its pre-coated ITO glass slide counterpart, regarding brightness, efficiency, and operating time. Figure 5a and 5b show the I/V and relative peak intensity curves against time, respectively. The turn on voltage was 4 V. As shown in figure 5b, the same pattern of the glass OLECs relative peak intensity is followed by the textile OLECs. The results show that the spray coated OLECs on textile are robust but have a short lifetime of ~30 minutes owing to limitations of the encapsulation. Encapsulation performs well on ITO coated glass substrates but not on textile OLEC. This can be caused by the different flexibility of the textile substrate compared with the encapsulation layer. This may lead to detachment of the encapsulation layer or micro shear forces imposed on the textile OLEC devices or at the encapsulation/device interface. Figure 5c shows that, the EL light emission spectrum was almost identical to that obtained from the OLECs on glass. A peak brightness value of 80 cd/m2 was achieved at 11 V when sweeping the drive voltage from 3 V to 15 V. Finally, figure 5d shows that the woven textile remains flexible after device fabrication; however, the optical performance of the OLECs has not yet been tested in a comprehensive bending evaluation. Table II provides a direct summary and comparison of the glass and textile OLEC parameters and their measured performance. It shows that both devices specifications are comparable, apart from the device lifetime and brightness. 

IV. Conclusions

There are many approaches to realize flexible light emitting devices on textile. OLECs offer the potential to achieve a solution processed, flexible light emitting device with low driving voltage and capable of emitting a variety of colors. We have successfully optimized the spray coating process and achieved encapsulated OLECs on both rigid glass slides and flexible woven textile substrates. Encapsulation is required to allow testing to be carried out in an ambient environment as it avoids the oxidation and degradation from the moisture and oxygen. [image: image5.emf]3 mm
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The optimized OLEC devices on pre-coated ITO glass substrates achieved a maximum brightness of 200 cd/m2 at 11 V with a turn voltage of 3 V and a light emission of at least 60 minutes. A maximum brightness of 80 cd/m2 at 11 V was demonstrated by the textile OLECs with light emission of at least 30 minutes. 
The preliminary results for the textile OLECs are promising, but they suffer from degradation and oxidation. However, a durability study has not been undertaken in this paper although this is the next step of the research, now a successful fabrication process is established. Flexibility and durability of the textile OLECs will be tested under cyclic bending by bending the fabric around rotating mandrels of different radii while simultaneously measuring the optical performance. Encapsulation materials and deposition processes will be assessed thoroughly to maximize the device lifetime. The design and fabrication process allow the textile OLECs to be fully flexible. This textile OLEC solution is suitable for e-textile and wearable applications and its fabrication method offers straightforward uptake by existing textile manufacturing plants. This fabrication method is fully scalable and can be used for large area fabrication.
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Figure 1. Isometric diagram of (a) the OLEC device structure on the ITO pre-coated glass slide substrate, and (b) the OLEC device structure on the polyurethane interface layer pre-coated textile substrate.
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Figure 2.  Transmission, absorption and spectrum plots of (a) empty cuvette, (b) plain glass slide (c) UV/VIS absorption spectrum of spray coated SY film on glass (d) SY polymer in toluene solution, (f) ITO coated glass slide, (g) AgNW electrode on glass slide, (g) Spectrum plot of 340 nm laser diode, used for exciting the light emission of SY polymer (500 ms integration time), and (h) PL spectra of spray coated film (500 ms integration time).  
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Figure 3. (a) FESEM image of the spray coated OLEC device on the ITO pre-coated glass slide substrate, (b) light emission on glass substrates (1.5x1.5 cm2) off and (c) on state with the 6 mm2 area of the light emission through the top AgNW transparent electrode. (d) Current and voltage (I/V) curve for OLEC devices (e) The performance of the encapsulated OLECs on glass substrate operating in ambient air: relative peak intensity in a.u. versus time, (f) EL intensity spectra as a function of voltage, (g) Peak intensity (max, at 543 nm wavelength) against varying voltage.
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Figure 5. (a) Current and voltage (I/V) curve for textile OLEC device, (b) the performance of textile OLECs operation in air: relative peak intensity in a. u. versus time, (c) EL Intensity spectra as a function of voltage, and (d) photo image of a bent OLEC on the textile substrate. 





TABLE II. Summary table of fabricated OLECs on glass and woven textile substrates with their light emitting and physical properties comparison.


Property�
OLECs on glass slide�
OLECs on textiles�
�
Fabrication method�
Spray coating�
Spray coating�
�
Processing Temp.�
120 oC�
140 oC�
�
Flexibility�
None�
Yes�
�
Turn on voltage�
3V�
4V�
�
Brightness level�
200 cd/m2�
80 cd/m2�
�
Lifetime in ambient air�
~1 hour�
~30 minutes�
�
Biased current scale�
< 1 mA (max.)�
2 mA/cm2�
�
Peak intensity Volt.�
11 V�
11 V�
�
Device structure�
ITO/PEDOT/SY/AgNWs�
Ag/PEDOT/SY/AgNWs�
�
Directional emission�
Top and bottom�
Top only�
�
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Figure 4. (a) Top view of a set of spray coated OLEC devices on textile substrate, (b) Textile OLECs showing light emission from conductive silver spots, and (c) Textile OLECs showing light emission from top AgNW transparent electrode. The area of the light emission is 4 mm2.  
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