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Abstract:



In this study, four kinds of structures—[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), PCBM/fullerene (C60), C60/bathocuproine (BCP), and PCBM/C60/BCP—were used as electron transport layers, and the structure, and optical and electronic behaviors of MAPbBr3 perovskite layers after annealing treatments were observed. The experimental results indicate that PCBM/C60 bi-layer structure is acceptable for MAPbBr3 planar perovskite solar cells due to electron step transporting. Low-temperature annealing is suitable for smooth and large grain MAPbBr3 films. The semi-transparent yellow C60/PCBM/MAPbBr3/PEDOT:PSS/ITO glass-structure solar cells exhibit the best performance with a power conversion efficiency of 4.19%. The solar cells are revealed to be suitable for application in building integrated photovoltaic (BIPV) systems.
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1. Introduction


Perovskite solar cells (PSCs) are very impressive, with power conversion efficiencies already exceeding 20% after only a few years of development [1,2]. This rapid development can be attributed to the excellent characteristics of organometallic halide materials, primarily due to their very high absorption coefficients [3] and long carrier diffusion length [4,5]. Moreover, organometallic halide materials can be processed using solution methods requiring low-temperature steps [6]. Therefore, many deposition techniques have been developed, such as the vapor-assisted solution process [7], fast deposition-crystallization procedure [8], interdiffusion of solution-processed stacked precursor layers [9], and the two spin coating method [10].



Organometallic halide materials have been written as ABX3 (A = CH3NH3 or HC(NH2)2; B = Sn or Pb; X = I, Br or Cl), and the X-site exchange of iodide for bromide are interesting in applications in two-photon photodetectors [11] and X-ray detectors [12]. In particular, their semi-transparent behaviors are suitable for use as front cells in multi-junction photovoltaic devices [13] due to a wider band gap and higher open circuit voltage (Voc) compared to organometallic iodides. Recent studies have reported that the perovskite morphology is important to determine the performance of a final photovoltaic device [8]. Therefore, understanding of the optical, structural, and surface properties is a way to improve device performance in organometallic iodide perovskites [14,15,16,17]. To improve solar cell performance in an organometallic bromide perovskite system, a similar improvement in these material properties can be expected to be useful; however, the relationship between their fabrication processes and material properties has not been studied in detail.



Zhao et al. reported a TiO2 mesoporous PSC with a power conversion efficiency of 4.12% [18]. In this work, planar MAPbBr3 perovskites were prepared using a solution-based spin-coating process on PEDOT:PSS-coated ITO substrates to fabricate PSCs as an inverted architecture, which is a low-cost and low-temperature processed device structure when compared with conventional TiO2 mesoporous PSCs. This study investigated the optical, structural, and surface properties of MAPbBr3 perovskite films as a function of different thermal annealing temperatures. Here, four kinds of structures—[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), PCBM/fullerene (C60), C60/bathocuproine (BCP), and PCBM/C60/BCP—were used as electron transport layers. C60 is a spherical fullerene molecule and PCBM is a fullerene derivative. Both are electron-transporting materials with high electron mobility. The relationship between PSC performance and the corresponding properties of the perovskite films is discussed.




2. Materials and Methods


In this study, PEDOT:PSS (AI 4083) was spin-coated on a patterned ITO substrate at 5000 rpm for 30 s, and was then annealed at 140 °C for 10 min on a hot plate. The perovskite layers were deposited using the methods described in our previous report [19]. Methylammonium bromide (MABr, 1 mmol, 112 mg) and PbBr2 (1 mmol, 376 mg) were dissolved in 1 mL of co-solvent, the volume ratio of dimethyl sulfoxide (DMSO) and γ-butyrolactone (GBL) was 1:1, and served as a MAPbBr3 precursor solution. The perovskite precursor solutions were then coated onto the PEDOT:PSS/ITO substrate using two consecutive spin-coating steps: At 1000 and 5000 rpm for 10 and 20 s, respectively. At 5000 rpm for 17 s, the wet spinning film was quenched by dropping 50 μL of anhydrous toluene into a glove box filled with nitrogen (>99.999%). After spin coating, the film was annealed at 75, 95, 115, and 135 °C for 10 min. [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) was dissolved in chlorobenzene (20 mg/mL) and spin-coated onto perovskite layers at 1500 rpm for 30 s, which formed a 50-nm-thick film. C60, bathocuproine (BCP), and silver (Ag) electrodes were deposited by a thermal evaporator at thicknesses of 5 (or 50 nm on the perovskite layer), 5, and 100 nm, respectively. The BCP was used as a buffer layer for the Ag contact. The crystalline microstructure of the films was determined using a PANalytical X’Pert Pro DY2840 X-ray diffractor with Cu-Kα radiation (λ = 0.1541 nm) (PANalytical, Naerum, Denmark). A field-emission scanning electron microscope (GeminiSEM, ZEISS) was used to observe the surface morphology of the cells. Photoluminescence (PL) and absorption spectra were measured on a fluorescence spectrophotometer (Hitachi F-7000, Hitachi High-Technologies Co., Tokyo, Japan) and a UV (ultraviolet)/VIS (visible)/NIR (near infrared) Spectrophotometer (Hitachi U-4100 spectrometers, Hitachi High-Technologies Co., Tokyo, Japan), respectively. Finally, current density–voltage (J–V) characteristics under irradiation by a 1000 W xenon lamp were measured using a Keithley 2420 programmable source meter. The irradiation power density on the surface of the sample was calibrated as 1000 W/m2.




3. Results and Discussion


Figure 1a shows the X-ray diffraction (XRD) patterns of MAPbBr3 perovskite films after different thermal annealing temperatures. For each annealing temperature, the spectrum exhibits only one (001) diffraction peak at 2θ = 15.05°, which has a very strong, preferred orientation in the growth direction. When the annealing temperature increased, the full width at half maximum (FWHM) of the (001) peaks increased slightly. The smaller FWHM means a larger domain size and better crystallinity of the MAPbBr3 films. The average domain size (D) can be calculated from the FWHM of the XRD peak using Scherrer’s equation [20].
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(1)




where λ =1.5418 Å (X-ray diffractometer with Cu Kα radiation), β is the observed FWHM, θ is the diffraction angle of the (001) peaks, and K is a shape factor with a value of 1 for perovskite materials. The domain sizes were determined as 25.91, 25.76, 24.60, and 24.55 nm, respectively, indicating that the domain sizes decreased when the annealing temperature increased, as shown in Figure 1b.


Figure 1. (a) X-ray diffraction (XRD) patterns of MAPbBr3 perovskite films treated at different annealing temperatures; (b) Relationship between domain size and annealing temperature.
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Figure 2a shows the absorbance spectra of MAPbBr3 films after being annealed at different thermal temperatures. The absorption edges of the four perovskite films were the same, indicating that annealing temperatures cannot significantly affect the optical band gap. In fact, the band gap is mainly dependent on the ternary system composition of ABX3, or its crystal structure. The band gap in these materials is very sensitive to lattice constant variations. As an example, a band gap of Eg = 1.54 eV in MAPbI3 and Eg = 2.23 eV in MAPbBr3 are given. For a 1% reduction in lattice constants, Eg = 1.31 eV in MAPbI3 and Eg = 1.95 eV in MAPbBr3 are obtained [21]. The crystal structure of the organometallic halide, ABX3, depends on the Goldschmidt tolerance factor, t, which is relative to the radii of the constituent ions. For the compound ABX3, t is given by [21]:
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(2)




where rA, rB, and rX are the ionic radii of the A, B, and X ions, respectively. This factor can be used as a guide to predict the crystal structure of ABX3. On the one hand, for t = 1, an ideal cubic perovskite structure is favored. On the other hand, when the annealing temperature increased, the absorbance decreased slightly in the short-wavelength region. This may be due to the reduced domain or grain sizes after annealing treatment. Figure 2b shows an image of a typical MAPbBr3 perovskite solar cell, which clearly shows a yellow, due to the transmission of light above a wavelength of 550 nm, semi-transparent and smooth surface.


Figure 2. (a) Absorbance spectra of MAPbBr3 perovskite films after different thermal annealing temperatures; (b) Photograph of the MAPbBr3 perovskite solar cell without electrodes.
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Figure 3 shows SEM images of MAPbBr3 perovskite films, thermally annealed at different temperatures. The grain size decreased significantly as the annealing temperature increased from 75 to 135 °C. The reason for this is that the MABr thermally sublimated, and PbBr2 was produced in the film surface, leading to the slight decrease in domain size, consistent with XRD data. More grain boundaries can be clearly observed when the annealing temperature is increased, which increases carrier scattering in order to reduce the mobility during carrier transport in perovskite films [22]. Smooth perovskite film is essential for fabricating photovoltaic devices with a good performance, as revealed by the atomic force microscopy (AFM) micrographs shown in Figure 4. Roughness increased significantly when the annealing temperature increased. Smooth and dense perovskite films were observed at low annealing temperatures. This indicates that low annealing temperatures are enough for producing smooth films, without defects.


Figure 3. SEM images of MAPbBr3 perovskite films treated at different annealing temperatures: (a) 75 °C; (b) 95 °C; (c) 115 °C; (d) 135 °C.
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Figure 4. Atomic force microscopy (AFM) images of MAPbBr3 perovskite films treated at different annealing temperatures: (a) 75 °C; (b) 95 °C; (c) 115 °C; (d) 135 °C.
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Figure 5a shows the room-temperature photoluminescence (PL) spectra of MAPbBr3 perovskite films, thermally annealed at different temperatures. All films are grown on glass substrates, and the PL emission was collected from the glass substrate side in air. The PL peak was located at 532 nm, which is very close to the absorption edge (522 nm). The relatively small difference between positions of the absorption and emission spectra, which is known as the Stokes shift [23], is a sign of minor energy losses. From the PL data, a significant quenching effect was noted when the perovskite layers were treated using annealing. Thus, the annealing treatment for MAPbBr3 could lead to a PL quenching behavior. However, the PL quenching behavior is hard to accurately define. In order to further confirm these exciton behaviors, the time-resolved photoluminescence (TRPL) was measured and is shown in Figure 5b. Fitting the TRPL data with exponential decay curves establishes the lifetime of excitons and said lifetime is determined as a time constant of exponential decay. This long lifetime is essential for longer exciton diffusion lengths in order to allow large amounts of light harvesting. The corresponding lifetimes were calculated as 2.703, 1.257, 0.633, and 0.497 ns for annealing temperatures of 75, 95, 115, and 135 °C, respectively. This indicates that the strong PL emissions of samples treated at 75 °C are caused by the long exciton lifetime or the diffusion length. Low-temperature annealing is enough to improve the exciton lifetime of MAPbBr3 due to a better crystallinity.


Figure 5. (a) Photoluminescence (PL) and (b) time-resolved photoluminescence (TRPL) of the perovskite films treated at different annealing temperatures.
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To further confirm the material behaviors of MAPbBr3, we used Ag/PCBM/MAPbBr3/PEDOT:PSS/ITO, Ag/C60/PCBM/MAPbBr3/PEDOT:PSS/ITO, Ag/BCP/C60/MAPbBr3/PEDOT:PSS/ITO, and Ab/BCP/C60/PCBM/MAPbBr3/PEDOT:PSS/ITO glass structure photovoltaic devices to find the optimal structure and the annealing effect on MAPbBr3. Figure 6a shows a cross-sectional SEM image of the typical PCBM/MAPbBr3/PEDOT:PSS/ITO glass structure devices. Large and dense perovskite grains can be seen. Figure 6b shows the power conversion efficiency of perovskite solar cells, based on PCBM, PCBM/C60, C60/BCP, and PCBM/C60/BCP electron transport layers at different annealing temperatures. The power conversion efficiency decreases as the annealing temperature increases due to more MABr being sublimated and worse crystallinity. This indicates that high-quality MAPbBr3 films were made via a low-temperature annealing treatment. Figure 6c shows the current density–voltage (J–V) plots of our best solar cells, based on PCBM/C60 electron transport layers with an annealing temperature equal to 75 °C. Table 1 lists the parameters of the perovskite solar cells, with various fullerene-based electron-transport layer structures. The optimum device exhibited an outstanding performance, with short-circuit current density = 7.23 mA/cm2, open-circuit voltage = 1.2 V, fill factor = 0.42, and a power conversion efficiency = 4.19%. The lowest unoccupied molecular orbital (LUMO) of the MAPbBr3, PCBM, and C60 films are –3.36 [24], –3.80 [25], and –3.9 [26], respectively. When the PCBM/C60 bi-layer is used as an electron transport layer, step jumping makes it easier for electrons to transport into the Ag electrode, which leads to an increased current density and open voltage, as shown in Figure 6d. Therefore, the PCBM/C60 bi-layer can reduce the energy barrier for electron transport.


Figure 6. (a) Cross-sectional SEM images of the C60/PCBM/MAPbBr3/PEDOT:PSS/ITO glass structure; (b) Power conversion efficiency as a function of annealing temperatures for four electron transport layer structures; (c) The current density–voltage (J–V) curves of the best perovskite solar cells of the four electron transport layer structures; (d) Corresponding energy band diagram in this study.
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Table 1. Parameters of perovskite solar cells with various fullerene-based electron transport layer structures.







	
Electron Transporting Layer

	
Jsc (mA/cm2)

	
Voc (V)

	
FF

	
PCE (%)






	
PCBM

	
2.44

	
0.95

	
0.41

	
0.95




	
PCBM/C60

	
7.23

	
1.2

	
0.42

	
4.19




	
C60/BCP

	
2.27

	
1.29

	
0.63

	
1.84




	
PCBM/C60/BCP

	
3.88

	
1.23

	
0.50

	
2.37











4. Conclusions


To summarize, we have demonstrated the characteristics of MAPbBr3 perovskite films with thermal annealing at temperatures ranging from 75 to 135 °C. A low-temperature thermal annealing process is enough to prepare good quality MAPbBr3 perovskite films. Four layers—PCBM, PCBM/C60, C60/BCP, and PCBM/C60/BCP—were used in MAPbBr3 perovskite solar cells, and the bi-layer PCBM/C60 shows excellent behavior due to the electron step transporting path. The optimum device with a PCBM/C60 electron transport layer, annealed at 75 °C, exhibits a good performance, with a short-circuit current density = 7.23 mA/cm2, open-circuit voltage = 1.2 V, fill factor = 0.42, and a power conversion efficiency = 4.19%. The C60/PCBM/MAPbBr3/PEDOT:PSS/ITO glass structure solar cells exhibit a semi-transparent, yellow color, and are shown to be suitable in applications for building integrated photovoltaic (BIPV) systems.
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