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Abstract

:

Since perovskite materials are currently mostly used in the active layer of solar cells, how to maximize the conversion efficiency of the active layer is the most urgent problem at present. In this regard, the extremely low voltage loss and tunable energy gap of methyl lead iodide (MAPbI3) perovskites make them very suitable for all perovskite solar cell applications, and are also compatible with silicon crystalline systems. Therefore, the future development of MAPbI3 perovskite will be very important. The key point of film formation in MAPbI3 is the addition of anti-solvent, which will affect the overall quality of the film. Whether it can be used as an excellent active layer to improve the application value will be very important. Therefore, the research purpose of this topic “Effects of different anti-solvents and annealing temperatures on perovskites” is to complete the basic research and development of a light-absorbing layer of a solar cell element, in which three different anti-solvents need to be matched with each other as the active light-absorbing layer of a solar cell. Through optimization, using the chemical properties of different anti-solvents and different annealing temperatures, combined with the low-process-cost characteristics of organic materials and many other advantages, we researched the optimized process methods and parameters to improve the absorption efficiency of the active light-absorbing layer.
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1. Introduction


In the past few years, the maximum power conversion efficiency (PCE) of perovskite solar cells (PSCs) has rapidly increased from 3% to 25.6% [1,2,3,4,5,6]. Its conversion efficiency is close to that of crystalline silicon solar cells, showing great industrial prospects. In order to improve the application performance of perovskite cells, research mainly focuses on the preparation technology of high-quality perovskite thin films. The precise control of the parameters and growth conditions of perovskite thin films is a key way to fabricate high-quality perovskite solar cells and explore fundamental properties [7,8,9]. The surface morphology, coverage, and grain size of perovskite thin films are the key factors affecting the battery performance.



However, organic–inorganic metal halide perovskites’ band gaps (1.16–3.06 eV) are easy to tune, and they have good optical and electronic properties, efficient charge transport, high light-absorption properties, long diffusion lengths, and a low-cost solution. Based on the above advantages, meaning they are considered to be the most promising third-generation low-cost solar cells [10,11,12]. The perovskite methylamine lead triiodide (CH3NH3PbI3; MAPbI3) has been extensively studied due to its excellent power conversion efficiency, high quantum yield, low-cost fabrication, and remarkable absorbance properties [13,14,15,16,17]. However, MAPbI3 is easily degraded to PbI2 in steam and air, and will affect the research of efficient perovskite solar cells. Therefore, improving the performance of hybrid perovskite MAPbI3 thin films has been the main research direction in recent years [18,19,20,21,22]. The current research efforts are mainly focused on reducing toxicity, optimizing the manufacturing process, and improving efficiency and stability. Among the most commonly used methods, due to the simplicity of fabrication and ease of use and the low cost, the one-step solution method is often used for perovskite deposition. Two-step vapor-assisted deposition can well control the film surface and particle size. Thermal vapor deposition is often used to fabricate thin films with regular thickness. However, it is difficult to accurately control the composition of the film owing to an uncontrollable precursor. The single-step solution deposition method usually uses an anti-solvent to remove N,N-dimethylformamide (DMF) in the precursor solution which can make the solution supersaturate and form large and dense homogeneous perovskite films. The common anti-solvents are toluene, chlorobenzene, etc. However, perovskite materials still have some shortcomings, such as degradation, owing to combing with water and poor thermal stability. The method with the most potential is using thermal annealing to make the film stronger and denser. In this study, o-dichlorobenzene, chlorobenzene, and toluene were used as an anti-solvent for removing excess precursor. The temperature optimization for perovskite thin films was performed using post-annealing treatment.




2. Materials and Methods


2.1. Synthesis of CH3NH3PbI3


We added CH3NH3I (198.75 mg) and PbI2 (576.25 mg) into the 50 mL sample bottle, and then added dimethyl sulfoxide (C2H6OS; DMSO) (0.5 mL) and 1,4-dihydroxybenzene (C6H6O2; GBL) (0.5 mL) into the sample bottle in the glove box and stirred at 300 rpm for 24 h.




2.2. Fabrication of Thin Films


CH3NH3PbI3 (50 μL) spin-coated on the glass substrate in the glove box, then filmed by different filming temperatures from 80 °C, as shown in Figure 1. After film formation, re-annealing was performed in a tubular furnace.




2.3. Characteristic Measurements


The absorption spectra of the thin film were measured by ultraviolet/visible (UV/vis) absorption spectroscopy (HITACHI, U-3900, Tokyo, Japan). X-ray diffraction data of films were recorded by the Bruker D8 Discover X-ray diffractometer with Grazing Incidence X-Ray Diffraction (GIXRD; Bruker, D8 Discover, Billerica, MA, USA).





3. Results and Discussion


In this experiment, we analyzed different anti-solvents—toluene (PhMe), chlorobenzene (PhCl), and o-dichlorobenzene (ODCB) at room temperature (25 °C) and different re-annealing temperatures (60 °C, 80 °C, 100 °C, 120 °C, and 140 °C). Their effects on the optical properties and XRD diffraction pattern of MAPbI3 perovskite were be discussed, respectively. Figure 2 is a comparison of the absorbance optical properties of three different anti-solvents with no re-annealing at 25 °C and re-annealing at 60 °C~140 °C. Three of the images have typical material properties of MAPbI3, resulting in three images with obvious absorption peaks at 500 nm and 700 nm. After re-annealing, at short wavelengths, the absorbance decreases as the temperature rises, and the overall absorbance rises again when it reaches 80 °C. When it reaches 100 °C and 120 °C, the absorbance is also kept at a high level. The overall absorbance starts to decrease again when the temperature rises, as shown in Figure 2a. In Figure 2b, when re-annealing is carried out, the overall absorption increases to the best at 60 °C, and then starts to decline, reaching the lowest average absorption around 100 °C, and the initial absorption increases with increasing temperature, reaching 140 °C which will be similar to the absorption optimum at 60 °C. Finally, Figure 2c shows that without re-annealing, o-dichlorobenzene as an anti-solvent is not annealed, and absorbs very poorly in the 350 nm to 650 nm band. After re-annealing, the overall absorption was significantly improved, but with the other two anti-solvents, the change in absorption was small and did not change significantly due to the annealing temperature.



From this, it can be seen that using toluene as an anti-solvent has better absorption itself without re-annealing. However, compared with the other two anti-solvents, after annealing, the absorption stability of the sample at short wavelengths is poor. Using o-dichlorobenzene as an anti-solvent requires annealing to obtain sufficient absorption, but the absorption of the perovskite film is better than the other two anti-solvents at different re-annealing temperatures.



As shown in Figure 3a, in the 600 nm~700 nm band, the penetration changes significantly with temperature, with the strongest penetration at 100 °C. As shown in Figure 3b, there is a similar distribution to Figure 3a at long wavelengths. In Figure 3c, without re-annealing, there is an obvious strong penetrating power in the 350 nm~600 nm band, and it returns to the typical penetrating power distribution at long wavelengths. After re-annealing, the distribution returns to the typical distribution. 100 °C will have the strongest penetration at long wavelengths.



Figure 4 is a graph comparing the reflectance and optical properties of three different anti-solvents with no re-annealing at 25 °C and re-annealing at 60 °C~140 °C. As shown in the three figures, when re-annealing is performed, the overall reflection decreases as the temperature rises. When it reaches 100 °C, the lowest reflection occurs, and the overall reflection rises again when the temperature rises. When it reaches 120 °C, it will be close to no reflection. In the annealing temperature continue rises, the reflection rises higher and higher.



Figure 5 shows the XRD diffraction patterns of perovskites made from three different anti-solvents, re-annealed at 60 °C~140 °C. The crystalline phase is discussed next, and Figure 5a shows the XRD diffraction patterns at different annealing temperatures with toluene as the anti-solvent. It can be seen from Figure 5a that when the re-annealing temperature increases, the peak phase does not change much. Two strong peaks can be observed around 14° and 28°, which increase with the increase in the annealing temperature. The clean and strongest peak is at 100 °C, and then the peak begins to decrease with temperature. Figure 5b,c show that, similar to Figure 5b, when the re-annealing temperature increases, the peak phase does not change much. Compared with 30° and 32°, there are two more miscellaneous peaks, which are crystal phases (213) and (222), respectively. The peak is an intermediate product in the preparation of MAPbI3 [11], which means that the precursor solution in the preparation of the film is not completely converted into perovskite, which affects the absorption and even other performances of the film.



Finally, the team additionally calculated the grain size. Substitute the peak data into the Scherrer equation:


  D =   k λ   B cos θ    



(1)







The grain size (nm) of the three different anti-solvents at different re-annealing temperatures is obtained by calculation, as shown in Table 1. Where k is the Scherrer constant, if B is the half width of the diffraction peak, then k = 0.89, and if B is the integrated height and width of the diffraction peak, then k = 1, D is the crystal width (nm), θ is the Bragg diffraction angle in degrees, and λ is the X-ray wavelength corresponding to the copper target (1.54056 Å).



Since the grain size of perovskite is negatively correlated with the absorption, a larger grain size has fewer grain boundaries (grain boundaries are where electrons and holes recombine) and fewer grain boundaries reduces the crystal absorption. As the re-annealing temperature increases, there are larger grains, but when the re-annealing temperature reaches 120 °C, the thinned-out grains become smaller because the anti-solvent volatilizes too fast. The different boiling points and volatilization rates of the anti-solvents have different effects. In terms of grain size, chlorobenzene and o-dichlorobenzene with higher boiling points have the best re-annealing temperature around 120 °C, while toluene with lower boiling points has the best re-annealing temperature. The optimum re-annealing temperature is around 100 °C. As shown in Table 1, using toluene as the anti-solvent, at 80 °C, there is the smallest crystallite size; therefore, the lowest absorption and the best absorption are between 80 °C and 120 °C, consistent with the trend shown in Figure 2a.




4. Conclusions


In this study, toluene was used as the anti-solvent, without re-annealing, and it had the best absorbance. Compared with the other two anti-solvents, the obtained absorbance was also the best, but after re-annealing, perovskite had poor thermal stability. Using o-dichlorobenzene as an anti-solvent, it needs to be annealed enough to have sufficient absorbance and re-annealing. The thermal stability of perovskite is better than that of the other two anti-solvents at different re-annealing temperatures. The boiling point and volatilization rate of different anti-solvents affect the crystallization rate of perovskite, resulting in different grain sizes after crystallization and affecting the absorption of perovskite. Therefore, if one wants to improve the quality of perovskite films by annealing, anti-solvent plays a very important role. In this study, we compared three samples. The toluene used by most people is not the most ideal, instead the stability of o-dichlorobenzene after annealing makes it a better choice.
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Figure 1. Schematic diagram of fabrication of perovskite and thin film. 
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Figure 2. Absorption spectra of (a) toluene (PhMe), (b) chlorobenzene (PhCl), and (c) o-dichlorobenzene (ODCB) at different annealing temperatures, respectively. 
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Figure 3. Transmittance graphs of (a) PhMe, (b) PhCl, and (c) ODCB at different re-annealing temperatures, respectively. 
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Figure 4. Reflectance graphs of (a) PhMe, (b) PhCl, and (c) ODCB at different re-annealing temperatures, respectively. 
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Figure 5. XRD diffraction patterns of (a) PhMe, (b) PhCl, and (c) ODCB at different re-annealing temperatures, respectively. 
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Table 1. Grain sizes produced by different anti-solvents and annealing temperatures.
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	Toluene (nm)
	Chlorobenzene (nm)
	o-Dichlorobenzene (nm)





	60 °C
	55.82
	43.76
	50.79



	80 °C
	50.58
	51.94
	52.13



	100 °C
	59.95
	48.01
	54.79



	120 °C
	57.15
	56.09
	57.07



	140 °C
	55.58
	48.84
	54.05



	Anti-solvent boiling point
	110 °C
	131 °C
	180 °C
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