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Abstract:

 A perovskite-type solar cell with a substrate size of 70 mm × 70 mm was fabricated by a simple spin-coating method using a mixed solution. The photovoltaic properties of the TiO2/CH3NH3PbI3-based photovoltaic devices were investigated by current density-voltage characteristic and incident photon to current conversion efficiency measurements. Their short-circuit current densities were almost constant over a large area. The photoconversion efficiency was influenced by the open-circuit voltage, which depended on the distance from the center of the cell.
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1. Introduction


Organic-inorganic hybrid solar cells with perovskite-type pigments have been much studied in recent years [1,2,3,4]. The solar cells incorporating a CH3NH3PbI3 compound with a perovskite structure have shown high conversion efficiencies [5,6,7]. Since the initially reported photoconversion efficiency of 15% was achieved [8], higher efficiencies have been reported for various device structures and processes [9,10,11,12], nearly ~20% [13]. The photovoltaic properties of these solar cells are strongly dependent on the crystal structure of the perovskite compound, the fabrication process, the hole transport layer, the electron transport layer, the nanoporous layer and interfacial microstructures [14,15]. Enlargement of the cell area is especially mandatory to enable the use of such perovskite devices as actual commercial solar cell panels.



In the present work, we investigated the photovoltaic properties of perovskite-type solar cells with a substrate size of 70 mm × 70 mm. The photovoltaic devices consisted of a CH3NH3PbI3 compound layer, TiO2 electron transport layers and a 2,2′,7,7′-tetrakis-(N,N-di-pmethoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD) hole-transport layer, prepared by a simple spin-coating technique. The effect of the distance from the center of the cell on conversion efficiency was investigated based on light-induced current density voltage (J-V) curves and incident photon to current conversion efficiency (IPCE) measurements.




2. Experimental Section


A schematic illustration of the fabrication of the present TiO2/CH3NH3PbI3 photovoltaic cells is shown in Figure 1. Except for the mesoporous TiO2 layer [16], the details of the fabrication process are described in previously reported work [8,17,18]. The cell performance depends on the TiO2 layers and perovskite layers to some extent [19,20,21]. The photovoltaic cells were fabricated by the following process. F-doped tin oxide (FTO) substrates were cleaned in an ultrasonic bath with acetone and methanol and dried with nitrogen gas. The 0.15 M and 0.30 M TiOx precursor solutions were prepared from titanium diisopropoxide bis(acetylacetonate) (Sigma Aldrich, 0.055 mL and 0.11 mL) with 1-butanol (1 mL). First, the 0.15 M TiOx precursor solution was spin-coated on the FTO substrate at 3000 rpm for 30 s and annealed at 125 °C for 5 min. Then, the 0.30 M TiOx precursor solution was spin-coated on the first TiOx layer at 3000 rpm for 30 s and annealed at 125 °C for 5 min. This 0.30 M solution process was performed two times, after which the FTO substrate was sintered at 500 °C for 30 min to form a compact TiO2 layer. For the mesoporous TiO2 layer, a TiO2 paste was prepared with TiO2 powder (Aerosil P-25, 100 mg) and polyethylene glycol (Nacalai Tesque, PEG #20000, 10 mg) in ultrapure water (0.5 mL). The solution was mixed with acetylacetone (Wako Pure Chemical Industries, 10.0 μL) and Triton X-100 (Sigma Aldrich, 5 μL) for 30 min and was left for 12 h to suppress the formation of bubbles in the solution. The obtained TiO2 paste was coated on the substrate by spin-coating at 5000 rpm for 30 s. The cells were annealed at 120 °C for 5 min and at 500 °C for 30 min. CH3NH3I was synthesized by reacting 23.2 mL of methylamine (CH3NH2, Tokyo Chemical Industry) and 25.0 mL of hydroiodic acid at 0 °C for 2 h with stirring. The precipitate was collected by removing the solvents at 50 °C for 1 h. The obtained product was re-dissolved and stirred in diethyl ether for 30 min to remove any impurities and dried using a rotary evaporator at 60 °C for 3 h. The obtained CH3NH3I was finally dried in a vacuum. To prepare pigment with a perovskite structure, a solution of CH3NH3I (98.8 mg) and PbI2 (Sigma Aldrich, 289.3 mg) at a mole ratio of 1:1 inγ-butyrolactone (Nacalai Tesque, 0.5 mL) was mixed at 60 °C. The CH3NH3PbI3 solution was then introduced into the TiO2 mesopores using a spin-coating method and annealed at 100 °C for 15 min. Next, the hole-transport layer was prepared by spin-coating. A solution of spiro-OMeTAD (Wako Pure Chemical Industries, 36.1 mg) in chlorobenzene (Wako Pure Chemical Industries, 0.5 mL) was mixed with a solution of lithium bis(trifluoromethylsulfonyl) imide (Li-TFSI, Tokyo Chemical Industry, 260 mg) in acetonitrile (Nacalai Tesque, 0.5 mL) for 12 h. The former solution and 4-tert-butylpyridine (Aldrich, 14.4 μL) were mixed with the Li-TFSI solution (8.8 μL) for 30 min at 70 °C. All procedures were carried out in air. Finally, gold (Au) metal contacts were evaporated onto the sample as top electrodes. The layered structure of the present photovoltaic cells was denoted as FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD/Au, as shown in the schematic illustration of Figure 1.


Figure 1. Schematic illustration of the fabrication of photovoltaic cells using CH3NH3PbI3 and TiO2.
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The J-V characteristics of the photovoltaic cells were measured (Hokuto Denko, HSV-110) under illumination at 100 mW cm−2 using an AM 1.5 solar simulator (San-ei Electric, XES-301S), and the characteristics depend on the measurement methods [22]. The scan rate and sampling interval were 0.01 V s−1 and 0.1 s, respectively, and a forward scan was used in recording the J-V curves. The solar cells were illuminated through the side of the FTO substrate, and the illuminated area was 0.090 cm2 for each Au electrode. A photograph of a perovskite solar cell measuring 70 mm × 70 mm and a schematic illustration of the arrangement of Au electrodes on the substrate are shown in Figure 2a,b, respectively. The IPCE of the cells was also investigated (Enli Technology, QE-R).


Figure 2. (a) Photograph of perovskite solar cell measuring 70 mm × 70 mm; (b) Schematic illustration of arrangement of Au electrodes on the substrate.
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3. Results and Discussion


The J-V characteristics of the TiO2/CH3NH3PbI3/spiro-OMeTAD photovoltaic cells both in the dark and under illumination are shown in Figure 3. No current was observed in the dark, while photocurrent over 10 mA cm−2 was observed under illumination.


Figure 3. Measured J-V characteristics of TiO2/CH3NH3PbI3 photovoltaic cell in the dark and under illumination.
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The measured short-circuit current density, open-circuit voltage, fill factor and photoconversion efficiency of the present TiO2/CH3NH3PbI3 cell as a function of the distance from the center of the cell are shown in Figure 4a–d, respectively. The averaged and top photovoltaic parameters of TiO2/CH3NH3PbI3 cells as a function of the distance (d) from the center of the cell are summarized in Table 1. The highest efficiency was obtained for the electrode at 12.7 mm from the cell center, which provided a photoconversion efficiency (η) of 3.15%, a short-circuit current density (JSC) of 13.0 mA cm−2, an open-circuit voltage (VOC) of 0.653 V and a fill factor (FF) of 0.371.


Figure 4. Measured (a) short-circuit current density; (b) open-circuit voltage; (c) fill factor and (d) conversion efficiency of TiO2/CH3NH3PbI3 cell as a function of the distance from the center of the cell.
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Table 1. Measured photovoltaic parameters (average and top) of TiO2/CH3NH3PbI3 cells as a function of the distance (d) from the center of the cell.


	d (mm)
	JSC (mA cm−2)
	VOC (V)
	FF
	η (%)





	4.2
	12.24 (12.94)
	0.382 (0.435)
	0.334 (0.352)
	1.55 (1.90)



	9.5
	12.97 (13.47)
	0.498 (0.612)
	0.342 (0.369)
	2.24 (2.92)



	12.7
	12.63 (14.46)
	0.546 (0.653)
	0.337 (0.371)
	2.42 (3.15)



	15.3
	12.79 (13.33)
	0.464 (0.631)
	0.310 (0.323)
	1.85 (2.66)



	17.5
	12.33 (14.21)
	0.450 (0.569)
	0.318 (0.353)
	1.79 (2.85)



	21.2
	12.61 (14.23)
	0.408 (0.536)
	0.298 (0.332)
	1.55 (2.53)



	22.8
	11.89 (13.15)
	0.441 (0.518)
	0.291 (0.311)
	1.54 (1.87)



	25.8
	12.33 (11.62)
	0.382 (0.494)
	0.284 (0.293)
	1.26 (1.67)



	29.7
	12.01 (12.51)
	0.304 (0.323)
	0.281 (0.282)
	1.03 (1.13)









As a result of a long exciton diffusion length [23], the JSC values were almost constant (~12 mA cm−2) for all electrodes on the cell, as observed in Figure 4a. Although the FF value slightly decreased as d increased, the deviation was not large, as observed in Figure 4c. In contrast, the value of VOC was fairly dependent on d, as observed in Figure 4b and Table 1, which resulted in decreased efficiency, as shown in Figure 4d. The dependency of VOC on the d values might be related to the thickness of CH3NH3PbI3 prepared on the large substrate by spin-coating. The low FF and VOC values would also be related with the coverage ratio of CH3NH3PbI3 at the TiO2/CH3NH3PbI3 interface, and the application of further multiple spin-coating of CH3NH3PbI3 layers on the mesoporous TiO2 layer would improve the coverage of CH3NH3PbI3 on the TiO2, which would lead to the increase of the efficiency of the cells [15].







Figure 5 shows the IPCE spectra of electrodes at 4.2, 12.7 and 22.8 mm from the cell center. All of the spectra show similar changes with wavelength, which agree with the JSC results shown in Figure 4a. The measurement region was in the range of 300–800 nm, and the perovskite CH3NH3PbI3 structure showed photoconversion within the whole range, which almost agrees with the reported energy gaps of 1.51 eV [24] and 1.61 eV [25] (corresponding to 821 and 770 nm, respectively) for the CH3NH3PbI3 phase. This indicates that excitons and/or free charges were effectively generated in the perovskite layers upon illumination by light of 300–800 nm in wavelength. Previous studies reported experimental evidence for photogenerated free carriers in CH3NH3PbI3 [26], which would enhance carrier transport in the present device. Control of the energy levels of the conduction band and valence band is important for carrier transport in the cell.


Figure 5. Incident photon to current conversion efficiency spectra of the TiO2/CH3NH3PbI3 cell.
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The efficiencies obtained for the present cells are lower than the previously reported values. It seems to be difficult to control the uniformity of the layer thickness and interfacial structure using spin-coating techniques. In the present work, the samples were prepared in air, which may have also resulted in a reduction in the efficiency of the present cells, and perovskite crystals with higher quality and a smooth surface should be prepared in future works.




4. Conclusions


In summary, TiO2/CH3NH3PbI3-based photovoltaic devices with a substrate size of 70 mm were fabricated by a spin-coating method using a mixed solution. The photovoltaic properties of the cells and the size effect were investigated by J–V characteristic and IPCE measurements, and the dependence of their photoconversion efficiency on the distance from the center of the cell was investigated. Almost constant values of short-circuit current density were obtained over a large area, owing to the long exciton diffusion length of the CH3NH3PbI3 phase. The open-circuit voltage was fairly dependent on the distance from the center of the cell, which resulted in a change in conversion efficiency. Smoothing and optimizing the layer thickness and structure would be important for improving the device’s performance.
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