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Abstract

:

High-performance perovskite solar cells are strongly dependent on the quality of the perovskite layer. Two-step sequential deposition of CH3NH3PbI3 (MAPbI3) films is widely used to fabricate perovskite solar cells and many factors influence the quality of perovskite films, such as the delay time before annealing the MAI-PbI2-DMSO intermediate phase, which would impact the morphology and photo-physical properties of perovskite thin films. Here, the experimental research indicates that the impact of the delay time before annealing the MAI-PbI2-DMSO intermediate phase on the quality, crystallinity, and photo-physical properties of perovskite film is crucial. During the delay process, the delay time before annealing the MAI-PbI2-DMSO intermediate phase plays an important role in the nucleation process of perovskite grains inside the intermediate phase. With the extension of the delay time before annealing, the quality of the perovskite film deteriorates, thus the photo-physical properties change. We found that after the localized liquid–liquid diffusion of MAI and PbI2, with the extension of the delay time before annealing the MAI-PbI2-DMSO intermediate phase, the nucleation number of the perovskite grains increases and the grain size becomes smaller. Therefore, with the extension of the delay time before annealing, the device performance deteriorates.
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1. Introduction


At present, with the development of the photovoltaic industry and the amazing progress of device manufacturing, research on perovskite solar cells has attracted wide interest, and the performance of these devices has improved significantly in the past few years. The efficiency of perovskite solar cells has jumped from 3.8% to 23.7% in the short term. This is due to the excellent optoelectronic properties of perovskite solar cells [1,2,3,4,5,6]. Although there are many challenges, there are still good developments and there are good reasons to believe that these new solar cells may one day contribute to clean power generation [7,8,9,10,11,12].



There are many factors that impact the performance of perovskite solar cells, such as the ability to form high-quality perovskite thin films, which is critical to research and development in this area [4,6]. Most of the research work is directed toward the development of perovskite-based solar cells. The growth and properties of CH3NH3PbI3 are also important for the development of perovskite solar cells. This triggered our motivation to research the two-step sequential solution process for the preparation of CH3NH3PbI3 thin films using bare glass substrates and fluorine-doped SnO2 (FTO)-coated glass substrates [1,10]. There are many research groups that study different variations of the two-step method, such as changing the annealing time of PbI2, or changing the immersion time and concentration of the MAI solution in which the sample grows [13,14]. The formed films were analyzed to determine their crystal structure, morphology, elemental composition, chemical state and physical properties [13]. Differently from previous research, we indicate the impact of the delay time before annealing the MAI-PbI2-DMSO intermediate phase on perovskite film quality and photo-physical properties for solar cells [15]. Since the process time for transferring the samples from the spin coater to a hot plate is the same, we define the delay time as: “The sample is allowed to stand on the spin coater for 0 s, 5 s and 10 s.”



We characterized the surface morphology of perovskite films with different delay times of the MAI-PbI2-DMSO intermediate phase. It was found that when the delay time was 0 s, the perovskite film had large crystal grains and uniform thickness. With the extension of the delay time before annealing, the quality of the perovskite film deteriorates and the photo-physical properties change—leading to the deterioration of the device performance.




2. Materials and Methods


2.1. Materials


Fluorine-doped SnO2 (FTO) substrates were obtained from Yingkou Opv Tech New Energy Co., Ltd. (Yingkou, China, 7–8 Ω/square, 2.2 mm in thickness, 1.5 × 1.5 cm2 in specification). N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased from Sa’en Chemical Technology (Shanghai, China) Co., Ltd. Acidic titanium dioxide solution (bl-TiO2), methyl ammonium iodide (CH3NH3I, MAI, Cas No.14965-49-2, white powder in appearance, purity ≥99.5%) and lead(II) iodide (PbI2, Cas No. 10101-63-0, yellow crystalline powder in appearance, purity >99.99%) were purchased from Shanghai Mater Win New Materials Co., Ltd. (Shanghai, China). Commercial 2,2′,7,7′-tetrakis-(N,N-dip-methoxyphenylamine)-9,9′-spirobifluorene solution (Spiro-OMeTAD, Cas No. 207739-72-8, yellow powder in appearance, purity ≥99.5%) was purchased from Xi’an Polymer Light Technology Corp. (Xi’an, China) [16,17].




2.2. Device Fabrication


First, we placed a fluorine-doped SnO2 (FTO) substrate in a clean dish, added an appropriate amount of deionized water and detergent to the dish and used ultrasonic vibration cleaners (KQ-100E) to perform ultrasonic cleaning for 20 min. Next, an appropriate amount of absolute ethanol was added to the Petri dish and ultrasonically cleaned for 20 min. Then, an appropriate amount of a mixed solution of isopropyl alcohol, acetone and deionized water in a volumetric ratio of 1:1:1 was added to the culture dish, followed by ultrasonic washing for 20 min. Finally, the cleaned substrate was placed in a UV light cleaner (BZS250GF-TC, Shenzhen Huiwo Technology Co., Ltd., Shenzhen, China) for 15 min.



The high-temperature dense titanium dioxide layer was prepared by spin-coating on an FTO substrate with a high-temperature titanium dioxide-hydrochloric acid spin-coating solution. The spin-coating speed was 2000 rpm and the spin-coating time was 60 s. The spin-coated FTO substrate was placed on a hot plate at 150 °C for 20 min, and then sintered at 500 °C for 30 min in a muffle furnace. In the preparation of the perovskite layer, the PbI2 precursor solution was prepared by dissolving PbI2 in a mixed solution of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) (the volume ratio of DMF to DMSO was 0.95:0.05). Finally, a 600 mg/mL precursor solution was formed. A methylammonium iodide (CH3NH3I/MAI) precursor solution was prepared by dissolving MAI in anhydrous isopropanol to form a 70 mg/mL solution. After the solution was prepared, the precursor solution of PbI2 was directly rotated onto the dense layer at a rotating speed of 1500 rpm and a rotating time of 30 s. After stopping the rotation, the precursor solution of MAI was uniformly coated on the unheated PbI2 film. Then the precursor solution was rotated immediately with a rotating speed of 1500 rpm and a rotating time of 30 s. The spin-coated substrate was heated at 150 °C for 20 min. After spinning the MAI solution, the perovskite layer was annealed at 150 °C after a delay of 0 s, 5 s and 10 s at room temperature. The procedure was conducted three times.



The electron-blocking layer was deposited on top of the perovskite layer by 3000 rpm for 30 s using Spiro-OMeTAD solution. Finally, the soot from the burning candle was collected using an FTO glass substrate and used as a sponge-like carbon counter electrodes (CEs). Then, the sponge-like carbon film collected on the FTO glass was pressed against the prepared unfinished device [18].




2.3. Characterization


An X-ray diffractometer (XRD) (D8 Focus, Bruker, Dresden, Germany) was used to obtain XRD spectra from samples of perovskite films deposited on bl-TiO2/FTO substrates. The morphologies of these perovskite films were viewed with a scanning electron microscope (SEM) (SIGMA, Zeiss, Jena, Germany). The photo-current density–voltage (J–V) characteristics were measured under simulated standard air-mass (AM) 1.5 sunlight with using a solar simulator (Sol 3A, Oriel, Newport, RI, USA). All the measurements of the perovskite solar cells were performed under ambient atmosphere at room temperature without encapsulation [14].





3. Results and Discussion


In this study, the impact of the delay time before annealing on the MAI-PbI2-DMSO intermediate phase on the perovskite solar cells’ films was investigated. Perovskite films with different delay times after the spin-coating of MAI precursor solution, viewed by SEM, are shown in Figure 1. Figure 1a,c,e show the surfaces made with the delay times of 0 s, 5 s, and 10 s. Figure 1b,d,f are cross-sectional views of the 0 s, 5 s, and 10 s films. From Figure 1a, when the delay time is 0 s, the crystal grains of the perovskite are uniform and the grain size is about 400 nm. The perovskite film is dense, without pin-holes and cracks. The cross-section depicted in Figure 1b shows that the thickness of the 0 s perovskite film is very uniform and the film thickness is about 400 nm. We then adjusted the delay from 0 s to 5 s. Thereafter, as shown in Figure 1c, the grain size of the perovskite film is not uniform and the grain boundary is not obvious, so the single grains cannot be distinguished accurately. From the cross-section of Figure 1d, it can be seen that the phenomenon of stacking of perovskite single crystals appeared and the film thickness of about 400 nm consists of many small perovskite crystal particles. In addition, Figure 1e shows that the flatness and uniformity of the film made with the 10 s delay time are significantly worse than the flatness and uniformity of the 5 s film. The surface of the film has large pin-holes, small crystal grains and irregular growth. From Figure 1f—the cross-sectional view—we see that these protrusions actually grow some irregular crystal particles on the top surface of some crystals, resulting in a partial or even multi-layer crystal on the surface of the film, therefore the surface of the film is uneven. According to the above analysis, we conclude that the quality of the film deteriorates with the extension of the delay time before annealing.



Figure 2 shows a typical diffraction pattern selected from XRD experiments normalized to perovskite films with different delay times, showing peaks at 14.19°, 28.50° and 33.5° due to (110), (220) and (222). The crystal plane of perovskite is a tetragonal phase structure [14,19]. We found that the perovskite films made with three different delay times have CH3NH3PbI3 perovskite crystal diffraction peaks. This result indicates the formation of tetragonal phase perovskite crystals. Figure 2 shows that the peaks at 12.56° and 38.54° are attributed to the (001) and (003) reflections of PbI2. The XRD data of PbI2 show a low diffraction intensity of PbI2 (001) at 12.56° and (003) at 38.54° for a 0 s delay. Obviously, the PbI2 peaks of the 5 s and 10 s films are slightly higher than the peaks of the 0 s device, reflecting the presence of more PbI2 residues. The intensity ratios of (003)/(001) for 0 s, 5 s, and 10 s data look more constant.



The precipitation of PbI2, caused by the incomplete reaction of PbI2 and MAI in the crystallization process, impacts the morphology of the perovskite, which corresponds to the results of the SEM topography. With the extension of the delay time before annealing, the growth of perovskite grains is impacted.



According to the analysis of the SEM image and the XRD image, the mechanism of different delay times affecting annealing after spin-coating MAI is shown in Figure 3. During the experiment, the MAI solution was spin-coated immediately after being applied onto the PbI2 solution. During the spin-coating process, it was observed that during the delay time before annealing, the MAI-PbI2-DMSO intermediate phase immediately changed from yellow to dark brown, and after annealing a bright black perovskite film was formed. By comparing different delay times, we found that when the delay time is 0 s, the crystal grains forming the perovskite are relatively large, and the crystal grains are uniform without overlap. With the extension of the delay time before annealing, the grain size becomes smaller, and the phenomenon of stacking will appear, which is consistent with the trend of changes in the SEM images measured for different delay times, indicating that the surface of the film deteriorates with the extension of the delay time before the annealing of the perovskite film. The SEM images show that more nuclei are generated during the drying process, the grain size might be decreases and the stack grows, resulting in an increase in the number and surface roughness of the perovskite film pin-holes [14,20].



The UV-Vis absorption spectra of the absorption spectra of MAPbI3 perovskite films with different delay times are shown in Figure 4. Figure 4 shows that the curve conforms to the light absorption characteristics of a conventional perovskite film. The three perovskite films have relatively strong peaks between 450 nm and 750 nm. It was found that the absorption rate of the 10 s film was slightly higher than that of the 5 s and 0 s films. With the extension of the delay time before annealing, the number of perovskite nucleation increases, impacting the grain size of the perovskite and the flatness of the film. The rough surface of the thin film gives rise to lower reflectivity light, which enhances the absorption rate [21].



Figure 5 shows the photoluminescence spectra of MAPbI3 perovskite films at different delay times on a dense TiO2 layer. We found that the emission peaks of the three perovskite films range from 730 nm to 830 nm. At 0 s, the peak of photoluminescence is low, indicating an increased number of photo-generated carriers injected into the dense TiO2 layer in the perovskite absorption layer. In addition, better carrier quenching is exhibited, which benefits the performance of the perovskite solar cells. With the extension of the delay time before annealing, the intensity of the photoluminescence emission peak also increases, and the number of photo-generated carriers injected into the TiO2 layer decreases. The reason for this is shown in the SEM image. The longer the delay time, the smaller the grain size of the perovskite film, the worse the film quality, and the more defects inside the film, so fewer photo-generated carriers are injected into the dense TiO2 layer in the perovskite absorption layer and the quenching ability of the carriers is weakened [22,23]. We measured significant emissions at 782 nm, 779 nm and 775 nm at 0 s, 5 s and 10 s [24].



With the extension of the delay time before annealing, the perovskite grains become smaller and the grain boundary of the film increases, which leads to the deterioration of the quality of the perovskite film and may affect the ability of the photo-generated carriers to be injected into the TiO2 layer from the perovskite layer. In summary, it was shown that the quality of the perovskite film with a delay time of 0 s is the best [25,26].



As shown in Figure 6, with the extension of the delay time before annealing, the device performance deteriorates, consistent with the film morphology and photo-physical properties. With the extension of the delay time, the quality of the perovskite films and the photo-physical properties change, which leads to the deterioration of the device performance.




4. Conclusions


In summary, it was found in the experiment that the color of the film quickly changed from yellow to dark brown during the spin-coating MAI process. We found that the perovskite nucleation in the intermediate phase formed increased with the extension of the delay time before the annealing of the MAI-PbI2-DMSO intermediate phase. From the SEM image, it was seen that the size of the perovskite particles became smaller and the quality of the perovskite film deteriorated. It can be observed from the PL spectrum that, with the extension of the delay time before annealing, the peak height of photoluminescence increases and the number of carriers injected from the perovskite layer into the TiO2 layer decreases. Based on the above analysis, the quality of the perovskite film with a delay time of 0 s is the best. With the extension of the delay time before the annealing of the MAI-PbI2-DMSO intermediate phase, the device performance degrades. This work focuses on the delay time before the annealing of the MAI-PbI2-DMSO intermediate phase in perovskite film, and has a certain reference value for the research of perovskite optoelectronic devices.
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Figure 1. Top view (a,c,e) and cross-sectional view (b,d,f) with different delay times: (a,b) 0 s; (c,d) 5 s; (e,f) 10 s. 
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Figure 2. The X-ray diffraction (XRD) patterns of the light-absorbing layer film with different delay times. 
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Figure 3. The mechanism diagram of perovskite film formation with different delay times. 
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Figure 4. UV-Vis absorption spectrum of light absorbing layer film with different delay times. 
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Figure 5. The photoluminescence (PL) spectra of light absorbing layer films with different delay times. 
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Figure 6. The density–voltage (J–V) curves from reverse scan (rev) and forward scan (for) of the perovskite solar cells (PSCs) devices based on the different delay times, measured under simulated sunlight with an intensity of 100 mW/cm2 (air-mass (AM) 1.5 G). 
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