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Abstract. 
A study on the influence of alkaline treatment on the properties of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT: PSS) film is presented in this paper. The treatment is carried out using ammonia water (AW) solutions with various volumes. We have also examined the performance of organic solar cells (OSCs) with the undoped and AW-doped PEDOT:PSS layers. Results show that the acidity of PEDOT:PSS solution can be significantly reduced by adding the AW solution with the optimized volume ratio ≤9%, v/v, while the AW-doped PEDOT:PSS film shows an improved optical transmission and stabilized conductivity. However, compared to the pristine OSC without adding AW to the whole-extraction layer, the AW-doped OSC shows a slight degradation in the power conversion efficiency (from 2.12% to 2.02%), which has been attributed to the decreased 
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 and FF of devices after the addition of AW.


1. Introduction
Over the last years, poly(3,4-ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT:PSS) has emerged as a promising material for the electrodes in optoelectronic devices. It proved many advantages over other conducting polymers, such as a high transparency in the near-infrared, excellent thermal stability, and compatibility in aqueous solution [1, 2]. Consequently, it has been widely applied as a buffer layer for electrodes in organic electronics. For example, it was reported to be an efficient hole-extracting layer between the ITO and active layers in organic solar cells (OSCs) [3–5]. However, the primary disadvantage of PEDOT:PSS film is its acidity, which is believed to etch the surface of ITO liberating oxygen and metal ions, which contaminate the adjacent photoactive organic layer to the detriment of the device performance [6–8].
Recent studies have been carried out to investigate the replacement of PEDOT:PSS by a more suitable material, such as acid-carbon nanotubes [9], NiO [10], and SWCNTs-porphyrin [11]. However, the performances of OSCs with these replacements are lower than those of the device with the hole-extraction layer of PEDOT:PSS. According to the acid-base theory, the acidity of a solution can be neutralized by adding the alkaline solution. To the best of our knowledge, the use of an alkaline solution to reduce the acidity of PEDOT:PSS has hardly been reported, thus this could be considered as an alternative approach to achieve better film properties.
In this work, the PEDOT:PSS doped with different content ammonia water transparent conducting films is fabricated on quartz substrates by the spin coating method. We report the influence of alkaline treatment on the properties of PEDOT:PSS films. In addition, we study the performance of polymer solar cells with the undoped and doped PEDOT:PSS layer. 
2. Experimental
PEDOT:PSS aqueous solution (1.3 wt% dispersed in H2O) from Aldrich (as supplied) was filtered with a 0.45 μm polyvinyl difluoride (PVDF) syringe filter. Ammonia water (AW, analytical grade), used as a dopant, was purchased from Aldrich (as supplied). Other reagents and solvents were of analytical grade.
Molecular structure of PEDOT:PSS and schematic structure of PEDOT doped PSS are shown in Figure 1. In the PEDOT:PSS dispersion, as a conducting polymer, PEDOT is the charge transporting species [13, 14]. PSS serves as a charge-compensating counterion to stabilize the p-doped conducting polymer and forms a processable waterborne dispersion of negatively charged swollen colloidal particles consisting of PEDOT and excess PSS [14, 15]. Since PSS chains typically consist of a few hundred monomer units, the polymer grains are presumably defined by the PSS random coil with PEDOT chains ironically attached along them [12] as shown in Figure 1(b).
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(b)
Figure 1: Molecular structure of PEDOT:PSS (a) and schematic structure of PEDOT doped PSS (b) [12].


All the quartz substrates (20 mm × 20 mm) were ultrasonically purified by a series of organic solvents (ethanol, methanol, and acetone), then rinsed in an ultrasonic bath with deionized water, and dried in a vacuum oven. Residual organic contaminations were subsequently removed upon exposure to a UV-ozone lamp for 30 min. Prior to spincoating, a certain volume ratio of AW and PEDOT:PSS solution was prepared by addition of AW to the PEDOT:PSS aqueous dispersion in an ultrasonic bath for about 5 minutes. The PEDOT:PSS and AW-doped PEDOT:PSS films (PEDOT:PSS and A-PEDOT:PSS, resp.) with a thickness of 95–100 nm, as determined with scanning electron microscopy, were fabricated on transparent quartz substrates by the spin coating method. The spin coating procedure included 20 s of 2000 rpm followed by 30 s of 5000 rmp. Then, these films were dried at 120° for 20 min in the vacuum oven before any further characterization.
The devices in this work were fabricated using indium-tin-oxide- (ITO-) coated glass substrates (<10 ohms per square). The treatment process of ITO substrate was the same as the quartz substrate. Solution of AW and PEDOT:PSS was spin-coated on top of the ITO surface to form a buffer layer (90–100 nm) before drying the substrates at 120°C in an oven for 20 min. The P3HT: PCBM was dissolved in dichlorobenzene with a weight ratio of 1 : 0.8 and stirred for more than 72 h in the glove box before spin casting to form the blending layer. Finally, an Al electrode with about 100 nm in thickness was deposited by thermal evaporation at a pressure of 
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 Pa through a shadow mask. The basic structure of the organic photovoltaics (OPV) devices is shown in Figure 2.







	
		
		
		
		
		
		
		
		
	


	
		
	


	
		
	






	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
		
		
		
		
		
		
		
	




	
		
		
		
		
		
	












	
		
	


	


	
		
	


	
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
		
	


Figure 2: Schematic device structure for organic solar cells doped with AW.


The pH of the solution was measured by the PHS-3C pH meter. The conductivity of the films was determined by the four-point probe technique with a Keithley 2400 Source Meter. The optical property of the composite films was characterized with a TU-1901 Dual-beam UV-Visible spectrophotometer. Current density-voltage (I-V) characteristics of the OPV cells were measured by using a computer-controlled Keithley 2400 Source Meter under a simulated light intensity of 100 mW/cm2 (AM 1.5 G), which was calibrated by an optical power meter from a halogen lamp. The power conversion efficiency (PCE) was calculated from the I-V characteristics. The devices were tested in the air without encapsulation, and all the measurements were performed at room temperature. 
3. Results and Discussion
We have investigated the acidity of PEDOT:PSS solutions doped with different AW contents. As shown in Figure 3, the pH of commercially available PEDOT:PSS solution is about 1.51, while its pH value increases in a two-stage variation with an increase of the AW doping ratio. Initially, it was observed that the pH is increased slowly as the AW doping ratio increases from 0% (v/v) to 9% (v/v), while, increases drastically with the AW doping ratio improvement from 9% (v/v) to 16.5% (v/v). The pH of composite solution is nearly neutral (6.96) with the AW doping ratio about 13% (v/v). This indicates that the acidity of PEDOT:PSS solution can be remarkably reduced by AW fillings. 





	


	


	


	


	


	
	


	
	


	
	


	
	


	


	


	


	


	


	


	


	


	


	
	


	
	

























































































































	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 3: The pH of PEDOT:PSS solutions with different AW doping ratios.


The plots of the electrical conductivity as a function of AW content at room temperature are shown in Figure 4. Upon increasing the AW doping ratio, the conductivity of AW-doped films initially keeps constant and then decreases. When AW content reaches about 16.5% (v/v), the conductivity of doped film reduces to 0.09 S/cm, lesser about 67.8% than that of pure PEDOT:PSS film (0.28 S/cm). This result indicates that the addition of AW up to 9% (v/v) has no effect on the conductivity of doped films, while the alkalinity of AW-PEDOT:PSS solution with the addition of more amounts of AW leads to the decrease of the conductivity of films. The p-doped PEDOT chain may be dedoped in basic environments. It results in changes in their electronic states and thereby leads to the decrease in the film conductivity [14, 16].





	


	


	


	


	


	
	


	
	


	
	


	
	


	


	
	
	
	


	
	
	


	
	
	
	


	
	
	


	
	
	
	


	
	
	








































































































	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 4: The electrical conductivity of PEDOT:PSS films as a function of doping ratio of AW.


As shown in Figure 5, the optical transmittance of PEDOT:PSS films modified with different AW doping ratios slightly increase up in the wavelength range from 600 nm to 800 nm, which corresponds to the power density of ambient sunlight on the Earth surface [17]. In particular, the pronounced increase is observed in the wavelengths between 700 and 800 nm. This indicates that the added AW might affect the interaction between PEDOT and PSS−. The better optical property of PEDOT:PSS layer is conducive to increase the absorption of light and the generation of excitons within the active region of the solar cell, which is of great benefit to improve the OSCs performance [17, 18].





	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	


	
	


	
	


	
	


	
	


	
	
	






























































	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
		
			
		
	


	
		
	


	
		
		
			
		
	


	
		
	


	
		
		
			
		
	


	
		
	


	
		
		
			
		
	


	
		
	


Figure 5: The optical transmittance of PEDOT:PSS films as a function of doping ratio of AW.


Figure 6 shows the current density-voltage curves of photovoltaic cells with undoped and AW-doped PEDOT:PSS films as the hole-extraction layer of devices. The detailed parameters of devices are summarized in Table 1. 
Table 1: PV parameters of OPVs for AW doping.
	

	Style	Structure	pH	
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 (V)	
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 (mA/cm2)	FF   (%)	η    (%)
	

	A	ITO/PEDOT : PSS/
	
		
			

				P
			

			

				3
			

			
				H
				T
			

		
	
 : PCBM/Al	1.51	0.56	8.82	43.0	2.12%
	B	ITO/A (9%)-PEDOT : PSS/
	
		
			

				P
			

			

				3
			

			
				H
				T
			

		
	
 : PCBM/Al	2.77	0.54	8.98	42.8	2.08%
	C	ITO/A (13%)-PEDOT : PSS/
	
		
			

				P
			

			

				3
			

			
				H
				T
			

		
	
 : PCBM/Al	6.96	0.52	9.14	42.5	2.02%
	D	ITO/A (16.5%)-PEDOT : PSS/
	
		
			

				P
			

			

				3
			

			
				H
				T
			

		
	
 :  PCBM/Al	10.45	0.42	5.15	34.0	0.74%
	








	
	
	
	


	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	


	
	


	
	


	
	


	


	


































































	



































	







































































































	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



































	

































































	
	






























	



	



























































	
	
	
	
	
	
	
	
	
	





	
		
		
		
		
		
		
		
	



	
	
	
		
		
		
		
		
		
		
	





	
		
		
		
		
		
		
		
	





	
		
		
		
		
		
		
		
	




	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	


Figure 6: The I-V characteristics of devices with different contents of AW. Device A: pristine PEDOT:PSS film; Device B: A (9%, v/v)-PEDOT:PSS film. device C: A (13%, v/v)-PEDOT: PSS film; device D: A (16.5%, v/v)-PEDOT:PSS film.


As shown in Table 1, there is an obvious decrease in the open circuit voltage 
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 with the increase in the AW amount. 
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 of the OPV cell is limited by the work function of the electrodes or the buffer layers, that is, it is determined by the work function of PEDOT:PSS films [19, 20]. For this reason, it can be concluded that a decrease in 
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 with the addition of AW is mainly a result of deterioration in modifying the work function of the PEDOT:PSS film. Meanwhile, it was reported that the content of PSS− of PEDOT:PSS films played an important role in the work function of the PEDOT:PSS film [21]. Here, the addition of AW into PEDOT:PSS may bring more effect on the PSS−. It may lead to a low work function of the hole-extraction layer compared to undoped PEDOT:PSS film and has an effect on 
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 of the PV cell. However, this is still an assumption and needs to be further studied.
Table 1 also shows the increase in the short circuit current 
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 from about 8.82 mA/cm2 of the reference device A (0%, v/v) to 9.14 mA/cm2 of device C (13%, v/v), and after that the 
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 decreases to become 5.15 mA/cm2 of device D (16.5%, v/v). Since these devices are fabricated with the same materials and the same procedure and the only difference is the hole-extraction layer, the increased current is unlikely on account of other reasons. Moreover, compared with undoped films, doped films (≤9%, v/v) show a more stable conductivity and a slight increase in optical transmittance in the wavelength range from 600 nm to 800 nm (as shown in Figures 4 and 5). Therefore, the increased current is mainly due to the high optical transmittance of the hole-extraction layers leading to a higher photon absorption yield and the charge carrier transport yield within the active region of the device [20]. More hole carriers in the P3HT/PCBM active layer move into the anode through the PEDOT:PSS film. However the decrease in 
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 with addition of more amounts of AW may lead to the decrease of the conductivity of doped films (≥9%, v/v), which has effects on the series resistance of OVP cell.
The change of 
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 with increased AW content is also responsible for the fill factor (FF) and power conversion efficiency of OSC. The device with the doped hole-extraction layer (≤9%, v/v) showed a lowered FF (42.5), and the performance of the device was slightly degraded (2.02%).
4. Conclusion
In summary, we have fabricated a series of PEDOT:PSS films by inclusion of different contents of AW into aqueous PEDOT:PSS solution and investigated the influence of alkali treatment on the PEDOT:PSS solution acidity and the optical and electrical properties of PEDOT:PSS films. We also examined the performance of OSCs with the un-doped and AW-doped PEDOT:PSS layers. Results show that the acidity of PEDOT:PSS solution can be remarkably reduced by adding the AW solution with the optimized volume ratio (≤9%, v/v), while the AW-doped PEDOT:PSS film shows an improvement in the optical transmission and stabilized conductivity. However, compared to the pristine OSC without adding AW to the hole-extraction layer, the AW-doped OSC shows a slight degradation in the power conversion efficiency (from 2.12% to 2.02%), which has been attributed to the decreased 
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 and FF of devices after the addition of AW. 
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