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Abstract

:

The tandem pn-type dye-sensitized solar cells (pn-DSCs) have received much attention in the field of photovoltaic technologies because of their great potential to overcome the Shockley-Queisser efficiency limitation that applies to single junction photovoltaic devices. However, factors governing the short-circuit current densities (Jsc) of pn-DSC remain unclear. It is typically believed that Jsc of the pn-DSC is limited to the highest one that the two independent photoelectrodes can achieve. In this paper, however, we found that the available Jsc of pn-DSC is always determined by the larger Jsc that the photoanode can achieve but not by the smaller one in the photocathode. Such experimental findings were verified by a simplified series circuit model, which shows that a breakdown will occur on the photocathode when the photocurrent goes considerably beyond its threshold voltage, thus leading to an abrupt increase in Jsc of the circuit. The simulation results also suggest that a higher photoconversion efficiency of the pn-DSCs can be only achieved when an almost equivalent photocurrent is achieved for the two photoelectrodes.
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1. Introduction


Dye-sensitized solar cells (DSCs) have attracted a great deal of attention during the last three decades due to their projected low cost and comparably facile assembly. A typical DSC is constructed by sandwiching a photocathode which is usually a dye-sensitized TiO2 and a counter electrode. Although lots of research and development of these systems have been carried out since the initial breakthrough in 1991, the same concept is still used [1]. To make DSCs more competitive in future utilization, the next big step is to improve efficiency up to 15–20% [2]. Therefore, an apparent and simple way to improve the efficiency of the DSC is to construct a tandem structure DSCs [3]. The theoretical upper limit for a typical dye-sensitized solar cell is around 30%. Tandem solar cells (t-SCs), compared with single junction solar cells, have higher theoretical efficiency limitations [4]. For two junction solar cells, the theoretical efficiency limitation is around 42% [5,6]. Recently, the most efficient solar cells are operated in tandem structure. The most efficient two junction devices have reached a PCE (Power Conversion Efficiency) over 30% [7,8]. However, compared with single junction solar cells, the fabrication of t-SCs is always more complicated, which may significantly limit their utilization. However, Pn-DSCs which combine a photoanode and a photocathode into a single device represent an exceptional case [9,10]. As two junction solar cells, pn-DSCs have a simple preparation process which is almost the same as the traditional single junction dye-sensitized solar cells (n-DSCs or p-DSCs) [11,12,13,14]. These advantages make them more competitive in future applications.



The first pn-DSC with an efficiency of 0.39% was reported in 2000 [6]. Since then, an increasing number of research articles have been published in this area [11,15,16,17,18,19]. Suzuki and co-workers reported a pn-DSC with a better-quality mesoporous NiO photocathode achieving a PCE of 0.66% with a Jsc of 3.62 mA/cm2 [20]. In 2009, Elizabeth A. Gibson et al. reported a pn-DSC with a PCE of 0.55% [21]. In 2010, A. Nattestad et al. reported a well optimized pn-DSCs with a record PCE of 1.91% [9]. In 2012, an Se based photocathode for pn-DSC was developed with a PCE of 0.98% [22]. Recently, J.H.Kim et al. improve efficiency through the blocking layer at the photocathode interface to 1.91% [23].



Current mismatch between the photocathode and the photoanode is one of the most critical issues limiting the performance of pn-DSCs, and thus may lead to poor FF (Fill Factor) or PCE of the pn-DSCs lower than that of the corresponding n-DSCs [19,24,25]. In this paper, we discuss the problems of current mismatch and summarize how to get a good current match in pn-DSCs. The Jsc of the pn-DSCs is considerably governed by the weakest photoelectrode. In our study, we found that the Jsc of the pn-DSCs is always determined by the photoanode, no matter which photoelectrode is weaker. We adopted a simple series circuit equation to model the J-V curve of pn-DSCs which corresponded n-DSC and p-DSC. Furthermore, this work studied the Pn-DSCs with the same photocathode and a different performance photoanode. The calculation results show good agreement with the experiment.




2. Experimental


The structures of pn-DSC, n-DSC and p-DSC were illustrated in Figure 1. Pn-DSC was fabricated by sandwiching a typical photoanode with a polymer based photocathode. The n-DSC was fabricated by sandwiching a typical photoanode with a Pt counter electrode. A photoanode with a different photocurrent was prepared by changing the TiO2 thickness. The p-DSC was fabricated by sandwiching a polymer based photocathode with a Pt counter electrode. The typical photoanode was constructed as described elsewhere [26]. A transparent, mesoporous TiO2 film was prepared by sintering TiO2 paste-coated FTO (Fluorine-doped SnO2 transparent conductive glass) at 510 °C for 30 min. The mesoporous TiO2 films were then cooled to 80 °C and immersed in an ethanol solution of a ruthenium-complex (N719 dye) overnight, followed by rinsing in ethanol and drying. The polymer based photocathodes were fabricated as follows: mesoporous NiO film was fabricated on FTO by spin coating, followed by sintering at 510 °C for 30 min under atmospheric. Spin coating paste was produced by mixing a slurry of 10 g of NiO nanopowder (Sigma Aldrich, Saint Louis, MO, USA) in ethanol with 30 g of 10 wt% ethanolic ethyl cellulose (Sigma Aldrich, Saint Louis, MO, USA) solution, 35 g terpineol, and 75 g ethanol. Then spin-cast a blend chlorobenzene solution containing PCPDTBT (Poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl]]) and PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) (15 mg/mL, 35 mg/mL) on the mesoporous NiO film, followed by removing the PCBM by simply soaking this hybrid film in 3-methoxypropionitrile (MePN). Electrolytes used for all n-DSCs, p-DSCs and pn-DSCs were similar (0.6 M N-methyl-N-butylimidazolium iodide, 0.45 M N-Methyl benzimidazole, 0.1 M LiI and 0.1 M I2 in 3-Methoxypropionitrile).



The photovoltaic performances of the DSCs were measured using a Keithley 2420 3A source meter (Tektronix, Beaverton, OR, USA) controlled by Labview software under AM 1.5 solar simulator of 100 mW cm−2 (solar AAA simulator, oriel USA, calibrated with a standard crystalline silicon solar). The active area of the samples was 0.25 cm2 (with a black mask). Absorption spectra were obtained from a UV-vis spectrophotometer (U-3900H, Hitachi, Tokyo, Japan).




3. Results and Discussion


Photocurrent matching is an essential prerequisite for the realization of highly efficient pn-DSCs. However, the reported photocurrent of photocathode ever reported is still far behind the well optimized photoanode, and thus can lead to the significant photocurrent mismatch in pn-DSCs.



Equivalence circuit analysis has been widely used in DSCs to study the electric mechanism [27,28]. For pn-DSCs, an equivalence circuit can be simplified as a series connection of a n-DSC and a p-DSC (as shown in Figure 2) [29]. Here we adopted a simplified series circuit model that has been used in series connection DSCs to calculate the J-V characters of pn-DSCs which corresponded n-DSC and p-DSC [30,31,32]. In this model, we used J-V characters of the corresponding n-DSC and p-DSC to replace the actual J-V characters of the photoelectrodes.



Because of the series connection of two photoelectrodes in pn-DSCs, the photoanode and the photocathode work in the same current, whereas the voltage is the sum of two photoelectrodes as shown in Figure 3. The voltage and current of the pn-DSCs can be expressed as the following Equations (1) and (2):


    V  pn   =  V p  +  V n    



(1)






    J  p n   =  J p  =  J n    



(2)







The reported P-DSCs in the literature that are based on the I−/I3− electrode and NiO exhibited a very low Voc typically below 0.2 V and a FF between 30–40% [33]. Figure 4 shows the typical J-V characteristics of a p-DSC from our experimental samples. Details of J-V characteristics are shown in Table 1, the p-DSC exhibits a PCE of 0.12%, a Voc of 0.15 V, a Jsc of 2.15 mA cm−2 and a FF of 33.5%. Under negative bias, photocurrent density increases with the applied negative bias. When the negative bias exceeds 0.4 V (the threshold voltage of p-DSCs), there is a breakdown of p-DSCs, which exhibits a sharp increase in photocurrent density.



Figure 4 shows the simulated J-V characters of pn-DSCs with the photocathode mentioned above and a changed photoanode (the different performance of photoanode are achieved by adjusting the TiO2 thickness): (a) Pn-DSC with a high performance photoanode and the photocathode. The corresponding Jsc of n-DSC is far larger than that of p-DSC, even larger than the threshold current density of p-DSC; (b) Jsc of n-DSC in the range from Jsc to the threshold photocurrent density of the p-DSC. (c) Photocurrent of the two photocathode are well matched; (d) Jsc of the n-DSC lower than that of p-DSC. All J-V curves of the n-DSCs and the p-DSC are achieved from our experiments.



Pn-DSCs and DSCs were illuminated through the photoanode side and the PSCs (Polymer Solar cells) through the photocathode side.



Figure 4a shows the J-V curve under the first condition. The corresponding n-DSC exhibit a PCE of 2.68% with a Voc of 0.76 V, Jsc of 5.26 mA cm−2, which is larger than the threshold current density of p-DSC, and a FF of 67.2% (Photovoltaic parameters of pn-DSCs, as well as p-DSCs and n-DSCs, are shown in Table 1). The J-V curve of the pn-DSC shows an S slope character with a low FF of 35.2%. The threshold voltage of p-DSC with this polymer based photocathode is between 0.4–0.5 V, which is much lower than the Voc of a typical n-DSC. Under the open circuit condition, the photocathode works under positive bias to get a constant current and thus leads to the Jsc of pn-DSCs which is similar with n-DSC. This is quite different from the natural consideration, and the photocurrent of pn-DSC is limited by the smaller one of the two photoelectrodes. Even though the open circuit voltage of the pn-DSC is a summation of the corresponding n-DSC and p-DSC, the voltage of the maximum power point (Vmax) has only a little increase (Table 1). In this condition, PCE of pn-DSCs (1.64%) is far behind the n-DSCs (2.68%). The previous pn-DSC did not achieve current matching, the fill factor is very low, and it is in the first state of our calculation [6,21].



Under the second condition, the Jsc of the corresponding n-DSC decreased to 3.04 mA cm−2 which is in the range from Jsc to the threshold photocurrent density of the p-DSC, as shown in Figure 4b. A normal J-V curve was obtained. The FF of pn-DSC increased to 54.5% as compared to the first condition. However, the PCE of pn-DSCs is still smaller than that of n-DSCs. The Jsc and the Vmav of the pn-DSCs are almost the same as that of n-DSCs.



Figure 4c shows the J-V curve of pn-DSC when the Jsc of the two single cells are well matched. The Jsc of the pn-DSCs are the same as the p-DSC and n-DSC. The FF of the pn-DSC reaches 64.0%, while still being lower than that of the n-DSC (72.3%) which is hampered by the low FF of the p-DSCs. Under this condition, both the PCE and the Vmax slightly increase as compared with the corresponding n-DSCs (Table 1). Nattestad et al. obtained a fill factor of 74% by adjusting the current matching between the photocathode and the photoanode, resulting in a photoelectric conversion efficiency of 1.91% [9]. This is consistent with our simulation calculations.



J-V characters of pn-DSCs with the Jsc of the corresponding n-DSC are lower than that of the p-DSC as shown in Figure 4d. The n-DSC used here shows a PCE of 0.57% with a Voc of 0.78 V and Jsc of 1.01 mA cm−2. The resulting pn-DSC exhibits a PCE of 0.67%, which is a considerable enhancement compared to the corresponding n-DSC. Furthermore, the Vmax shows an apparent increase from 0.64 V to 0.73 V. The FF of the pn-DSC is closer than the n-DSC, which indicates that a higher Jsc of the photocathode could result in a better FF. But the PCE of pn-DSC under this condition is lower than that of photocurrent matching.



Pn-DSCs and DSCs were illuminated through the photoanode side and the PSCs through the photocathode side.



Figure 5a shows the experimental result of the pn-DSCs with the same photocathode and the changed photoanode. Sensitizers of the two photoelectrodes exhibited good complementary absorption, and thus the influence from absorption of the photoanode to the photocathode is small. The J-V characters of the corresponding n-DSCs and p-DSC with the same photoelectrode are shown in Figure 5b (pn-DSC and n-DSC are illuminated from the photoanode side and the p-DSC are illuminated from the photocathode side). The photovoltaic parameters of pn-DSCs, p-DSCs and n-DSCs are shown in Table 2. The results from our experiment show a good agreement with the calculated values. The Voc of the pn-DSCs is the sum of the n-DSC and the p-DSC. Jsc of the pn-DSC are determined by the n-DSC, and the FF of pn-DSC increases when the Jsc of the n-DSC decrease. It is hard to determine the actual J-V character of the photocathode in pn-DSC. From the FF of the pn-DSC as compared to the calculation result, the pn-DSC with a FF of 65.3% (green line) could be considered close to a good current match, and the PCE of 1.33% is slightly larger than the 1.31% of the corresponding n-DSCs, also meeting the calculation result.




4. Conclusions


In conclusion, we discussed the problem of current mismatch in pn-DSCs which are constructed from a typical low performance photocathode and a high performance dye-sensitized TiO2 photoanode. By adopting a simplified series circuit model, we calculated the J-V curve of pn-DSCs through that of the corresponding n-DSC and p-DSC. Pn-DSCs with the same photocathode and different performance photoanode are discussed in this article. The Jsc of the pn-DSC are determined by the n-DSC, whereas the Voc is additive. And the FF of pn-DSC increases when the Jsc of the n-DSC decrease. Pn-DSCs with a well matched photocurrent show a high FF around 65% and achieve an enhanced PCE as compared to the corresponding n-DSC and p-DSC. The results from the calculation show a good agreement with the experimental data. Through adjusting the performance of the photoanode, we got the relatively high PCE of 1.33% in pn-DSC which was higher than the corresponding n-DSCs, and an FF of 65.3% which could represent good current matching.
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Figure 1. Structure of n-DSC, p-DSC and pn-DSC. 
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Figure 2. The simplified equivalence circuit of the pn-DSC. 
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Figure 3. The simulated J-V curve of pn-DSCs from the corresponding n-DSC and p-DSC. 
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Figure 4. J-V curves of the calculated pn-DSC (blue line) as well as the corresponding n-DSC (red line) and p-DSC (black line). (a) Pn-DSC with a high performance photoanode and the photocathode; (b) Jsc of n-DSC in the range from Jsc to the threshold photocurrent density of the p-DSC; (c) Photocurrent of the two photocathode are well matched; (d) Jsc of the n-DSC lower than that of p-DSC. 






Figure 4. J-V curves of the calculated pn-DSC (blue line) as well as the corresponding n-DSC (red line) and p-DSC (black line). (a) Pn-DSC with a high performance photoanode and the photocathode; (b) Jsc of n-DSC in the range from Jsc to the threshold photocurrent density of the p-DSC; (c) Photocurrent of the two photocathode are well matched; (d) Jsc of the n-DSC lower than that of p-DSC.



[image: Materials 13 02936 g004]







[image: Materials 13 02936 g005 550] 





Figure 5. (a) J-V curve of the pn-DSC with different photoanode; (b) J-V curve of the corresponding n-DSC and p-DSC. 
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Table 1. Photovoltaic parameters of the calculated pn-DSCs as well as p-DSCs and n-DSCs.
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Condition

	

	
Jsc (mA cm−2)

	
Voc (V)

	
FF (%)

	
PCE (%)

	
Vmax (V)






	

	
PSC

	
2.19

	
0.15

	
34.6

	
0.12

	
0.09




	
1

	
n-DSC

	
5.26

	
0.76

	
67.2

	
2.68

	
0.56




	
pn-DSC

	
5.10

	
0.91

	
35.2

	
1.64

	
0.58




	
2

	
n-DSC

	
3.04

	
0.79

	
72.3

	
1.73

	
0.62




	
pn-DSC

	
3.04

	
0.94

	
54.5

	
1.56

	
0.63




	
3

	
n-DSC

	
2.16

	
0.79

	
72.3

	
1.23

	
0.63




	
pn-DSC

	
2.15

	
0.94

	
64.0

	
1.29

	
0.68




	
4

	
n-DSC

	
1.01

	
0.78

	
73.0

	
0.57

	
0.64




	
pn-DSC

	
1.01

	
0.93

	
72.1

	
0.67

	
0.74








Taken under AM 1.5 solar simulator of 100 mW cm−2. Active area = 0.25 cm2.
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Table 2. Photovoltaic parameters of the experimental pn-DSCs as well as p-DSCs and n-DSCs.






Table 2. Photovoltaic parameters of the experimental pn-DSCs as well as p-DSCs and n-DSCs.












	
	Jsc (mA cm2)
	Voc (mV)
	FF (%)
	PCE (%)





	PSC
	3.00
	98
	33.5
	0.10



	n-DSC-1
	3.82
	773
	68.8
	2.03



	pn-DSC-1
	3.73
	855
	44.5
	1.42



	n-DSC-2
	2.78
	771
	72.0
	1.54



	pn-DSC-2
	2.70
	895
	59.0
	1.43



	n-DSC-3
	2.24
	797
	73.5
	1.31



	pn-DSC-3
	2.27
	899
	65.3
	1.33



	n-DSC-4
	1.80
	802
	73.8
	1.06



	pn-DSC-4
	1.84
	912
	68.9
	1.15







Taken under AM 1.5 solar simulator of 100 mW cm−2. Active area = 0.25 cm2.
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