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Abstract

:

The power conversion efficiency (PCE) of an Ag/spiro-OMeTAD/CH3NH3PbI3 (MAPbI3)/PCBM/mesoporous TiO2/compact TiO2/FTO planar solar cell with different annealing temperatures of PbI2 and MAPbI3 films was investigated in this study. The morphology control of a MAPbI3 thin film plays key roles in high-efficiency perovskite solar cells. The PbI2 films were prepared by using thermal vacuum evaporation technology, and the MAPbI3 perovskite films were synthesized with two-step synthesis. The X-ray spectra and surface morphologies of the PbI2 and MAPbI3 films were examined at annealing temperatures of 80, 100, 120, and 140 °C for 10 min. The performance of the perovskite planar solar cell at an annealing temperature of 100 °C for 10 min was demonstrated. The power conversion efficiency (PCE) was about 8.66%, the open-circuit voltage (Voc) was 0.965 V, the short-circuit current (Jsc) was 13.6 mA/cm2, and the fill factor (FF) was 0.66 by scanning the density–voltage (J–V) curve.
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1. Introduction


Organic–inorganic halide perovskite solar cells (PSCs) have been presented with a certified power conversion efficiency (PCE) of 25.5% by the National Renewable Energy Laboratory (NREL) [1], and they have become a device material of extensive study owing to their low cost and attractive optoelectronic properties, including the semitransparent properties of perovskite materials [2,3,4], good flexibility [5,6,7,8], large area [9,10,11], hole transport layer (HTL) [12], electron transport layer (ETL) [13], and so forth, which are comparable to the silicon solar cell [14,15,16,17,18]. However, they are not suitable as commercial solar cells because of the instability of perovskite (CH3NH3PbI3 (MAPbI3)) solar cells.



Recently, a method for improving perovskite solar cells in terms of power conversion efficiency because of the impacts of defects considers the absorption layer and adjacent interfaces on perovskite [19], the compositional elements of the perovskite [20], the suppression of nonradiative recombination at the perovskite surface and grain boundaries (GBs) [21], and HTL [22,23]. One major challenge of the perovskite solar cell was to pattern periodic nanostructures on large-area thin-film solar cells. Electron beam lithography was used to fabricate nanostructures with well-controlled size, shape, and spacing, but it was impractical with its low sample throughput and high cost. Vacuum and solution processes were the first two main techniques used to prepare perovskite films. Although PSCs prepared by the solution method have made great achievements, the current process of preparing perovskite films through the solution method requires the use of a large amount of organic solvents, such as chlorobenzene (CB), dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). The post-treatment of these organic solvents will be a major problem that must be faced in the industrialization process. In the dual-source vapor co-deposition process, PbX2 and CH3NH3I were used as gas sources to obtain dense and high-quality films [24,25,26]. However, the experimental conditions of this method were harsh and required high-energy-consumption vacuum conditions, and the experimental operation process was relatively uncontrollable. Compared with the solution method, the vacuum vapor deposition technology does not require the use of organic solvents. Its advantages include high surface coverage, low surface roughness, good compatibility with large-area equipment, and precise control of film thickness.



In this paper, a universal and straightforward approach to examine the interface physics of perovskite thin-film solar cells is proposed, and uses a method of two-step spin coating to fabricate perovskite films. PbI2 films were deposited on an FTO glass substrate by thermal evaporation, and they were annealed at temperatures of 80, 100, 120, and 140 °C for 10 min. Then a methylammonium iodide (MAI) solution containing 50 mg MAI and 1 mL isopropanol (IPA) was dropped onto the PbI2/FTO glass substrate in the vacuum [27,28]. The spectra of absorbance, transmittance, SEM, and XRD of PbI2 and perovskite films on the flat FTO glass substrates were investigated at annealing temperatures of 80, 100, 120, and 140 °C for 10 min, respectively. The 2,2′,7,7′-tetrakis(N,N′-di-p-methoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD) was as the HTL, and the 6,6-phenyl-C61-butyric acid methyl ester (PCBM) was as the ETL, and a solar cell with an Ag/spiro-OMeTAD/MAPbI3/PCBM/mesoporous TiO2/compact TiO2/FTO glass structure performance was fabricated and reported, which demonstrated that the efficiency improvement for the cell with different MAPbI3 GBs films was induced by light trapping.




2. Materials and Methods


Because of the above research background, this paper proposed a solar cell with an organic perovskite (MAPbI3) active layer by using of spin-coating and thermal vacuum evaporation technology. The cell structure and energy band diagram for fabricating MAPbI3 PSC can be found in Figure 1, where the inset shows a schematic illustration of the perovskite MAPbI3 preparation two-step process. First, the FTO glass substrate was cleaned by an ultrasonic shaker and ultraviolet (UV)–ozone light for 15 min, respectively. Then a PSC was fabricated by lithography technology. The PSC structure size was 5 × 2 mm. PSCs were fabricated with the typical configuration of an Ag/HTM/MAPbI3/ETL/FTO structure. The mesoporous TiO2 film plays the role of scaffold to support perovskite and the electron collector, and its thickness, porosity, and particle size would greatly influence the device’s performance. The experiment procedure and measurement are described in detailed as follows.



2.1. Fabrication of Mesoporous TiO2/Compact TiO2/FTO Structure (TiO2/FTO)


First, the FTO glass substrate was placed in a beaker containing acetone, alcohol, and IPA solutions, by using ultrasonic and UV–ozone light for 15 min, respectively. The etched-FTO glass substrate size was 1.5 × 1.5 cm. The FTO electrode was patterned by lithography technology, and it was covered with high-temperature-resistant tape. To prepare a compact TiO2 thin film, the precursor solution was composed of a prediluted titanium diisopropoxide bis(acetylacetonate) solution in absolute ethanol (1:9 weight ratio). The precursor solution of 40 μL TiO2 was spin-coated onto the patterned-FTO substrate at 3000 rpm for 30 s. The compact TiO2 thin film of 50 nm thickness was fabricated and annealed at 500 °C in the atmosphere for 30 min.



A milk-tea-colored porous TiO2 solution with a weight ratio of 1:4 was mixed into a solvent of titanium dioxide nanoparticle slurry (Ti–nanoxide T/SP) and absolute ethanol at room temperature for 12 h as mesoporous TiO2 precursor. Then 40 μL of porous TiO2 solution was spin-coated onto the compact TiO2/FTO structure at 3000 rpm for 30 s. Then the obtained 200 nm mesoporous TiO2 layer was annealed at 500 °C for 30 min in ambient air after the heat-resistant tape was removed.




2.2. Fabrication of PCBM/TiO2/FTO (ETL)


A 2 wt% PCBM solution was obtained at an ambient temperature of 25 °C as the ETL precursor where 20 mg of PCBM was mixed in a solvent of 1 mL of chlorobenzene (CB) by using a magnet stirrer to stir for more than 2 h in a nitrogen glove box. A 50 μL precursor solution was spin-coated onto the mesoporous TiO2/compact TiO2/FTO structure at 2000 rpm for 40 s, and a PCBM film was stored in a nitrogen glove box for 40 min at room temperature.




2.3. Fabrication of MAPbI3/PCBM/TiO2/FTO (Perovskite)


After the PCBM ETL was formed, a metal mask was covered on the PCBM/TiO2/FTO structure. Then a 130 nm thick PbI2 film was thermally evaporated at 5 × 10−6 Torr, and the evaporated rate was about 1.2–1.8 nm/s. Four samples were taken out after the chamber was cooled for 10 min and annealed at temperatures of 80, 100, 120, and 140 °C for 15 min, respectively. An amount of 50 mg of methylammonium iodide (MAI) and 1 mL of IPA solvent were mixed as the perovskite precursor by stirring with a magnetic stirrer. An amount of 40 μL of MAI precursor solution was spin-coated onto a PbI2/PCBM/TiO2/FTO structure. During this process, first, it was dripped in the beginning at 0 rpm for 10 s for it to coat the sample evenly. In the second stage, the precursor solution of perovskite was spin-coated at 2000 rpm for 40 s. Then, the sample was annealed at 100 °C and baked for 10 min. The entire perovskite film was prepared in a nitrogen glove box. The nitrogen glove box needed to be controlled at oxygen and moisture below 0.1 ppm owing to material that was afraid of water and oxygen. This two-step method of forming a film was conducive to the formation of a better texture of a 250 nm thick MAPbI3 film.




2.4. Fabrication of Spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO (HTL)


Amounts of 40 mg of spiro-OMeTAD powder, 0.5 mL of chlorobenzene, 14.5 μL of 4-tert-butylpyridine (tBP), and 7.5 μL of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) were mixed as the spiro-OMeTAD HTL precursor. The Li-TFSI could improve the hole mobility, and its solution consists of dissolving 50 mg of Li-TFSI powder in 0.1 mL of acetonitrile (ACN) solvent. The precursor solution was spin-coated onto a MAPbI3/PCBM/TiO2/FTO structure at 3000 rpm for 30 s. The thickness of p-type HTL was 200 nm. The entire spiro-OMeTAD film was prepared in a nitrogen glove box.




2.5. Fabrication of Ag/Spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO (PSC)


After an Ag electrode was patterned on the spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structure by using a metal mask from the glove box, which was sent to the thermal evaporation equipment. The vacuum environment was 4.8 × 10−6 Torr, and the evaporation rate was 2.5–3.0 nm/s. Finally, a 100 nm thick Ag electrode was deposited on top of the spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structure. The PSC device was constructed by using a MAPbI3 active layer film through the two-step film-forming technology and thermal evaporation technology.




2.6. Performance Measurement


The field-emission scanning electron microscope (FE-SEM) images of the top and side of MAPbI3/TiO2/FTO and spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structures at annealing temperatures of 80, 100, 120, and 140 °C were observed using FE-SEM (ZEISS Sigma, ZEISS, Munich, Germany), as illustrated in Figure 2 and Figure 3, respectively. The X-ray diffraction (XRD) spectra of the MAPbI3/TiO2/FTO and spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structures at annealing temperatures of 80, 100, 120, and 140 °C were measured using an X-ray diffractometer (X’Pert PRO MRD, PANalytical, Almelo, the Netherlands) for a 2θ from 10 to 60 as illustrated in Figure 4. The absorbance and transmittance spectra of MAPbI3 at annealing temperatures of 80, 100, 120, and 140 °C were measured using a UV–VIS/NIR spectrophotometer (UH-4150, Hitachi, Tokyo, Japan) with a wavelength ranging from 400 to 1000 nm as illustrated in Figure 5. The photoluminescence (PL) spectra of MAPbI3 at annealing temperatures of 80, 100, 120, and 140 °C were measured using a fluorescence spectrophotometer (F-7000, Hitachi, Tokyo, Japan) with a wavelength ranging from 400 to 1000 nm as illustrated in Figure 6. The current density–voltage (J–V) curves, PCE, fill factor (FF), short-circuit current (Jsc), open-circuit voltage (Voc), and external quantum efficiency (EQE) performances of PSCs at annealing temperatures of 80, 100, 120, and 140 °C are displayed in Figure 7. The J–V curves of the devices were recorded using a Keithley 2420 source meter and a solar simulator (MFS-PV-Basic, Hong-Ming Technology Co., Ltd., New Taipei, Taiwan) producing 1 sun AM 1.5 (100 mW/cm2) sunlight. EQE was measured utilizing a spectral response measurement system (LSQE-R, LiveStrong Optoelectronics Co., Ltd., Kaohsiung, Taiwan).





3. Results and Discussion


FE-SEM images of the MAPbI3/TiO2/FTO and spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structures are examined in Figure 2 and Figure 3. Figure 2a–h displays the surface morphologies of the MAPbI3 film. The PbI2 crystal grains on the TiO2/FTO structure at annealing temperatures of 80, 100, 120, and 140 °C could be observed to have obvious different grain sizes, and some of them would aggregate into large clusters. A uniform perovskite film could be observed as the temperature increased owing to the fact that PbI2 crystal lattices were changed with different annealing temperatures, making it easier to form them. This phenomenon was attributed to the weak Ti–I–Pb bonds facilitating the interfacial accommodation of moving iodine ions [23,29,30,31]. For MAPbI3 films annealed at 80 and 140 °C, the resulting grain sizes were slightly reduced, and the gaps between the perovskite grains were more obvious, and pinholes became discernible. Therefore, relatively bright contrast grains appeared at the GBs, which might be residues caused by incomplete reaction or decomposition at a high annealing temperature. In addition, with the MAPbI3 film annealed at 100 °C, the obtained film exhibited uniform and dense packed grains, which had almost no pinholes. However, the gap between the grains of the MAPbI3 film annealed at 120 °C was also more obvious than that of the MAPbI3 film annealed at 100 °C. This was consistent with the corresponding XRD pattern as discussed later. Figure 3a,b displays SEM images of the cross section of the MAPbI3/TiO2/FTO and spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structures. A 250 nm thick MAPbI3 film could be observed and well formed owing to the obvious TiO2 porous layer, and the PCBM spin-coated on the porous layer formed a flat surface as illustrated in Figure 3b. The PCBM ETL played an important role in the decay of the photoinduced conductivity in MAPbI3/PCBM, which was on the time scale of hundreds of picoseconds to several nanoseconds, due to electron injection into PCBM and electron-hole recombination at the interface occurring at similar rates [32].



The measured XRD spectrum of the PbI2/TiO2/FTO structure is illustrated in Figure 4a at annealing temperatures of 80, 100, 120, and 140 °C. It could be found that the intensity of the PbI2 (001) plan at 12.6° was with a temperature increase [29,33,34]. This was owing to obvious decreased grain sizes and weak Ti–I–Pb bonds facilitating interfacial accommodation of moving iodine ions [23,29,30,31]. Figure 4b presents the XRD spectrum of MAPbI3 films at different annealing temperatures of 80, 100, 120, and 140 °C. The MAPbI3 film exhibited a main peak at 14.38°, which was the characteristic of the (110) plane in the tetragonal crystal structure, with other peaks corresponding to the (112), (211), (202), (220), (310), and (224) planes in the plot [33,34]. This was owing to the fact that PbI2 has a tetragonal crystal plan with strong diffraction peaks, which shows that the thin film was completely converted to perovskite MAPbI3 [29,30]. However, we noticed the presence of PbI2 diffraction peaks in the sample annealed at 80 °C, indicating that the started precursors (MAI and PbI2) were not completely converted. In addition, the perovskite/PbI2 XRD intensity ratio between the (110) plane of perovskite and the (001) plane of PbI2 diffraction peaks could be discussed to confirm whether the conversion was complete. A maximum ratio (24.15) was obtained with an annealing temperature of 100 °C, and the (001) peak of PbI2 was obviously weaker, which indicates that the MAI conversion was relatively complete and the PCE of PSC was more stable. On the other hand, the sample treated at an annealing temperature of 120 °C had the second best XRD intensity ratio (23.04). The MAPbI3 annealed at 140 °C had a slight phase transition and residual of PbI2 in the perovskite film, and there were unidentified peaks at 18.2° and 18.7° and so forth (indicated by black diamonds in Figure 4b). This indicates that the unidentified peak did not match the pure PbI2 or MAI tetragonal phase, which has existed as a not-well-described intermediate phase. In addition, the intensity of the perovskite diffraction peak of MAPbI3 annealed at 140 °C was weakened, and the intensity peak of the (001) plane characteristic diffraction peak of PbI2 was significantly increased. These results were the result of the decomposition of perovskite materials at a high annealing temperature, resulting in incomplete conversion of PbI2 and MAI, which seriously affected the PCE of PSCs [35,36,37,38]. The average crystallite size of the (110) plane was derived from the Scherrer formula, and the average crystal sizes at annealing temperatures of 80, 100, 120, and 140 °C were 43.32, 48.74, 48.12, and 31.44 nm, respectively. A maximum size of 48.74 nm was achieved at an annealing temperature of 100 °C, indicating that the optimum annealing temperature was 100 °C.



Figure 5a,b shows the absorbance and transmittance spectra of the MAPbI3 perovskite film annealed at 80, 100, 120, and 140 °C. The PL spectra of the MAPbI3/TiO2/FTO structure at annealing temperatures of 80, 100, 120, and 140 °C were measured at a wavelength range of 400 to 1000 nm, as illustrated Figure 6. A broad absorption spectrum was obtained, which corresponds to the energy gap of the PL diagram, and found that the absorption intensity at an annealing temperature of 100 °C was strongest, which was consistent with the results of XRD and PL analyses in Figure 4 and Figure 6. The perovskite film annealed at 100 °C exhibited a small full width at half maximum (FWHM) of about 75.1 nm at the PL peak, which indicates the superior crystallinity of MAPbI3, and the absorption strength was relatively high at this peak. On the other hand, we noticed that the PL peak of the perovskite film annealed at 140 °C had a red shift, which may be related to the reaction of PbI2 and MAI. It could be known from XRD analysis that under high temperature annealing, the MAPbI3 film decomposes into MAI and PbI2 double phase [39].



Finally, the J–V characteristic curves of PSCs were measured by forward scan as illustrated in Figure 7a, and the performance characteristic of the PSCs is illustrated in Figure 7b. It can be concluded that the degradation of device performance depends on the overall degradation of Voc, Jsc, and FF. However, it can be noted that when the annealing temperature of the MAPbI3 perovskite film prepared with the evaporated PbI2 film was 100 °C, the PSC showed a significantly improved photovoltaic performance. It can be found that the Jsc of the device prepared by annealing PbI2 at 100 °C was higher than that of the device prepared at 140 °C. It might be that the purity of the perovskite film prepared by annealing PbI2 at 100 °C was better, so it had higher absorbance, leading to higher photocurrent. The smooth form of the perovskite film formed by PCBM could form a smaller charge transfer resistance. This form of film can not only increase the contact area between the perovskite and spiro-OMeTAD but also improve the PCE of PSCs. It was demonstrated that for the best performance of the PSCs at an annealing temperature of 100 °C for 10 min, PCE was about 8.66%, Voc was 0.965 V, Jsc was 13.6 mA/cm2, and FF was 0.66. The Voc of the PSCs at an annealing temperature of 140 °C reduced to 0.926 V, which may be due to the residual unconverted PbI2 in the perovskite film. The passivation of PbI2 could reduce the charge separation in defects, and the PbI2 phase was presented. The perovskite grain boundary acted on the perovskite film in the PSC, resulting in an increase in the rate of charge extraction. Figure 7c shows the EQE spectra of the PSCs with various annealing temperatures. The integrated photocurrent densities from the EQEs were 9.29, 13.62, 11.14, and 8.36 mA/cm2, which are consistent with the corresponding J–V measurements in Figure 7a.




4. Conclusions


In conclusion, a PSC with an organic perovskite active layer by using spin-coating and thermal vacuum evaporation technology was discussed and optimized by four annealing temperatures. From the SEM surface morphology, it could be observed that the morphology and size of perovskite obviously depend on the annealing temperature. High temperature forms large perovskite grains with random orientation, and the surface film forms a square crystal sparsely and unevenly. As the temperature changes, it could be seen that the perovskite film prepared close to 100 °C was dense and flat. In the XRD analysis, it was known that the PbI2 (001) plan at 12.6° would change with the temperature. Meanwhile, the perovskite (110) plan at 14.38° displayed a strong X-ray diffraction intensity and tetragonal crystal at an annealing temperature of 100 °C. Therefore, a perovskite film of good quality could be obtained by changing the temperature of PbI2. After optimization, with the PCE, Jsc, Voc, and FF of the champion PSC device annealed at 100 °C, the perovskite film achieved 8.66%, 13.6 mA/cm2, 0.965 V, and 0.66. This work demonstrates a potential application of spin-coated and thermal vacuum evaporated MAPbI3 films in planar organic–inorganic hybrid perovskite solar cells.
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Figure 1. Schematic of the (a) perovskite solar cell configuration and (b) energy band diagram. The inset shows a schematic representation of the synthesis of the MAPbI3 perovskite film used to create evaporated PbI2 in the perovskite film. 






Figure 1. Schematic of the (a) perovskite solar cell configuration and (b) energy band diagram. The inset shows a schematic representation of the synthesis of the MAPbI3 perovskite film used to create evaporated PbI2 in the perovskite film.



[image: Energies 14 02145 g001]







[image: Energies 14 02145 g002 550] 





Figure 2. FE-SEM images of the top view of the MAPbI3/TiO2/FTO structure at different annealing temperatures, (a,e), (b,f), (c,g), (d,h), low and high magnifications annealed at 80, 100, 120, and 140 °C. 






Figure 2. FE-SEM images of the top view of the MAPbI3/TiO2/FTO structure at different annealing temperatures, (a,e), (b,f), (c,g), (d,h), low and high magnifications annealed at 80, 100, 120, and 140 °C.



[image: Energies 14 02145 g002]







[image: Energies 14 02145 g003 550] 





Figure 3. Cross-section FE-SEM images of (a) the MAPbI3/TiO2/FTO structure and (b) the spiro-OMeTAD/MAPbI3/PCBM/TiO2/FTO structure. The annealing temperature was 100 °C for 10 min. 
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Figure 4. (a) The XRD spectrum of the PbI2/TiO2/FTO structure at treatment temperatures of 80, 100, 120, and 140 °C. (b) The XRD spectrum of the MAPbI3/TiO2/FTO structure at treatment temperatures of 80, 100, 120, and 140 °C. 
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Figure 5. (a) Absorbance and (b) transmittance spectra of MAPbI3 at annealing temperatures of 80, 100, 120, and 140 °C. 
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Figure 6. Photoluminescence (PL) spectra of the MAPbI3/TiO2/FTO structure at annealing temperatures of 80, 100, 120, and 140 °C. 






Figure 6. Photoluminescence (PL) spectra of the MAPbI3/TiO2/FTO structure at annealing temperatures of 80, 100, 120, and 140 °C.



[image: Energies 14 02145 g006]







[image: Energies 14 02145 g007 550] 





Figure 7. Device performance. (a) The illuminated J–V curves of the PSCs at annealing temperatures of 80, 100, 120, and 140 °C under forward scan. (b) They represent the corresponding PCE, FF, Jsc, and Voc versus the temperatures at 80, 100, 120, and 140 °C. (The error bars were calculated from 20 devices). (c) EQE spectra. 
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