

  A Feasible and Effective Post-Treatment Method for High-Quality CH3NH3PbI3 Films and High-Efficiency Perovskite Solar Cells




A Feasible and Effective Post-Treatment Method for High-Quality CH3NH3PbI3 Films and High-Efficiency Perovskite Solar Cells







Crystals 2018, 8(1), 44; doi:10.3390/cryst8010044




Article



A Feasible and Effective Post-Treatment Method for High-Quality CH3NH3PbI3 Films and High-Efficiency Perovskite Solar Cells



Yaxiao Jiang[image: Orcid], Limin Tu, Haitao Li, Shaohua Li, Shi-E Yang and Yongsheng Chen *





Key Lab of Material Physics, Department of Physics and Engineering, Zhengzhou University, Zhengzhou 450052, China









*



Correspondence:







Received: 14 December 2017 / Accepted: 13 January 2018 / Published: 18 January 2018



Abstract:



The morphology control of CH3NH3PbI3 (MAPbI3) thin-film is crucial for the high-efficiency perovskite solar cells, especially for their planar structure devices. Here, a feasible and effective post-treatment method is presented to improve the quality of MAPbI3 films by using methylamine (CH3NH2) vapor. This post-treatment process is studied thoroughly, and the perovskite films with smooth surface, high preferential growth orientation and large crystals are obtained after 10 s treatment in MA atmosphere. It enhances the light absorption, and increases the recombination lifetime. Ultimately, the power conversion efficiency (PCE) of 15.3% for the FTO/TiO2/MAPbI3/spiro-OMeTAD/Ag planar architecture solar cells is achieved in combination with this post-treatment method. It represents a 40% improvement in PCE compared to the best control cell. Moreover, the whole post-treatment process is simple and cheap, which only requires some CH3NH2 solution in absolute ethanol. It is beneficial to control the reaction rate by changing the volume of the solution. Therefore, we are convinced that the post-treatment method is a valid and essential approach for the fabrication of high-efficiency perovskite solar cells.
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1. Introduction


In recent years, hybrid organic-inorganic perovskite solar cells (PSCs) have developed rapidly. The power conversion efficiencies (PCEs) of these PSCs span from 3.8% [1] to a verified PCE of 22.7% [2], stems from a number of remarkable properties, including high absorption coefficient (~104 cm−1) [3,4], low exciton binding energy (<100 MeV) [5,6,7], long charge carrier diffusion length (102–105 nm) [8,9,10,11] and high charge carrier mobility (10–102 cm2 V−1 s−1) [12,13,14,15]. In addition, organometallic halide perovskite is suitable for solution and low temperature fabrication, because the precursor material in several organic solvents (dimethyl sulfoxide (DMSO), N,N-Methylformamide (DMF), γ-butyrolactone (γ-GBL), etc.) has a perfect solubility [16,17,18,19]. Multifarious methods are successfully used to improve the efficiencies of PSCs, including interface engineering [20,21], compositional engineering [22], solvent engineering [23], new materials [24] and device structure modification [25], etc. Among them, which one is more effective is indistinguishable.



To date, the PCE of PSCs has been enhanced by minimizing charge recombination in bulk perovskite film and/or at the interfaces between perovskite and charge transport layers. The reduction of charge recombination in bulk film requires high quality perovskite film with full surface coverage [26,27,28], large crystal size [15,29,30] and low defect density [31,32,33]. The post-treatment using a strong Lewis base is a very effective method to improve the quality of lead halide perovskite films [34,35,36,37,38,39,40,41,42]. In 2014, Zhao et al. [34] first found a room-temperature phase transformation of CH3NH3PbI3 induced by ammonia. After one year, Zhou et al. [35] reported CH3NH2 (MA) induced defect-healing (MIDH) of MAPbI3 perovskite thin films based on the formation of MAPbI3·xMA intermediate, resulting in an ultra-smooth and dense film with a higher degree of crystallinity and texture. Chih et al. [36] also certified that the post-treatment by MA gas promotes the regrowth of MAPbBr3 crystallites following the preferred orientations and significantly enhances the film quality and photoluminescence properties. Zhao et al. [38] thoroughly studied the post-treatment process, and provided design rules for the broad, rational extension of this process to new systems and scales. Jiang et al. [39] introduced MA gas to eliminate grain boundaries and gaps, and Jacobs et al. [40] employed a thermally induced recrystallization of MAPbI3 during the liquidation process to enhance grain size. However, MA gas is supplied mainly through a solid reaction between MACl and KOH powders at room temperature, which is more complex and expensive. In this paper, commercially cheap methylamine solution in absolute ethanol is used directly to supply MA vapor, and the quality of MAPbI3 perovskite films can be optimized feasibly by changing the post-treatment times in MA atmosphere. Only after 10 s treatment can the perovskite films with surface smoothness, compact structure and preferential orientation in (110) planes be obtained, which obviously improves the photoluminescence properties and carrier extraction efficiency of perovskite. Introducing this post-treatment method in the PSCs fabrication process, the PCE of FTO/TiO2/MAPbI3/spiro-OMeTAD/Ag planar heterojunction device is increased by 40% compared to the control devices without treatment.




2. Results and Discussion


Figure 1a presents the X-ray diffraction (XRD) spectrum of MAPbI3 films with different treatment times in MA gas. The XRD patterns of as-deposited MAPbI3 film without MA gas treating (0 s) exhibits a main peak at 14.2, which is the characteristic of (110) plane in the tetragonal crystal structure, with other peaks corresponding to the (112), (211), (202), (220), (310), (312), (224), and (314) planes in the plot. The positions of these peaks are accorded with the results published previously [29]. The XRD intensity of (110) peak increases seven-fold with 5 s treating and nine-fold with 15 s treating approximately compared to that without MA treating, then decreases, further extending the MA treatment time. However, as shown in Figure 1a, the intensities of (220) and (310) peaks decrease firstly and then increase with prolonging the time. They ultimately reach the minimum value at 5 s treatment. The XRD intensity ratio of (110) and (310) peaks (I(110)/I(310)) with MA treatment time is shown in Figure 1b, and a maximum ratio is obtained with 10 s treatment. This suggests that the regrowth of MAPbI3 crystallites by MA gas treating prefers the formation of (110) planes on the substrate.


Figure 1. (a) X-ray diffraction (XRD) spectrum and the corresponding; (b) I(110)/I(310) Ratio and the average crystal size of (110) plane of the CH3NH3PbI3 (MAPbI3) films at different CH3NH2 (MA) treatment times; (c) UV–Vis absorption spectra of MAPbI3 films; and (d) photoluminescence (PL) spectrum of FTO/TiO2/MAPbI3 with different times of MA treatment.
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The average crystal size of (110) plane deduced from Scherrer Formula is presented in Figure 1b. The crystal size showed a trend of first increasing and then decreasing with MA treatment time, which is similar to the change of I(110)/I(310) ratios. A maximum size of 47 nm is achieved with 10 s treatment, which is about twofold compared to the as-deposited film, indicating that the optimum MA treatment time is 10 s. Figure 1c shows the UV-Visible light absorbance spectra of the corresponding samples. There is a steep cutoff at the wavelength about 785 nm in accordance with a band bap of about 1.58 eV. The light absorbance at the range of 400–550 nm is more sensitive to the MA treatment time, and the largest absorbance is obtained for the sample with 10 s MA treating. The implementation of unreasonable MA treatment time results in a lower absorbance than that of the as-deposited MAPbI3 film.



Figure 1d illustrates steady-state photoluminescence (PL) measurement of MAPbI3 films deposited on FTO/TiO2 substrates. The position of the stable PL emission peaks center at ~768 nm varies with <10 MeV, which is consistent with the optical gap deduced from the absorption spectra. The PL intensity of as-deposited MAPbI3 film is very high as shown in Figure 1c, suggesting the inefficient carrier transfer at the TiO2/MAPbI3 interface. The PL intensity decreases with MA treatment time from 0 s to 10 s, and then increases with the further treating. In contrast, the PL measurement of MAPbI3 film treated with ethanol vapor, as shown in Figure A1, remains unchanged regardless of whether the post-processing time of ethanol vapor is 10 s or 30 s. This indicates that the post-treatment of ethanol vapor is not helpful for the properties of MAPbI3 film or the carrier transfer at TiO2/MAPbI3 interface. MAPbI3 film treated with 10 s MA exhibits a minimum PL intensity, which is reduced by 50% compared with the film without MA treating (0 s), indicating a more efficient carrier transfer at interface. This is directly related to the (110) preferential orientation of the perovskite film after 10 s post treatment. Wang et al. [43] reported that the preferential orientation of MAPbI3 perovskite crystal with (110) crystal plane was better for perovskite solar cells, based on synchrotron radiation two-dimensional X-ray grazing incidence diffraction. The crystallographic orientation of the (110) crystal grains is favorable for the propagation of electrons and holes, and the migration rate of the carriers, which facilitates the rapid propagation of electrons and holes along the out-of-plane direction to the electron and hole transport layer. The carriers convert into an effective photocurrent by the electrode collection, thereby enhancing the device’s photoelectric conversion performance.


Figure A1. PL spectrum of FTO/TiO2/MAPbI3 with different ethanol vapor treatment times.



[image: Crystals 08 00044 g0a1]






The scanning electron microscopy (SEM) images of MAPbI3 film with different MA gas treatment times are shown in Figure 2a−f (see more data in Figure A2). The as-deposited MAPbI3 film is composed of densely packed grains with the domain size distributing in a range of 200–300 nm, and the crystal boundaries are visible on the surface of the polycrystalline film, in agreement with the previous report of MAPbI3 film prepared by the one-step anti-solvent method [44]. After exposing the MAPbI3 film to MA gas for 5 s, and 10 s, respectively, as shown in Figure 2b–c, the boundary interfaces become unclear, which infers that the gas-solid reaction benefits the regrowth of MAPbI3 crystallites through the grain boundaries. The corresponding tapping-mode atomic force microscope (AFM) height images in 2.0 µm × 2.0 µm area are presented in Figure 2g–i, and the root-mean-square roughness (RMS) decreases from 7.624 nm for the as-deposited sample to 4.585 nm for the perovskite with 10 s MA treating (three-dimensional images are shown Figure A3). As the post-treatment time increases to 15 s (Figure 2d), some pinholes appear on the MAPbI3 film surface. Further increasing the post-processing time to 20 s and 30 s (Figure 2e–f), the MAPbI3 film is not uniformly covered on the substrate with many voids between grains. Through the low magnification (Figure A2), the film completely covers the substrate when post-processing time is below 15 s. However, if the post-processing time is over 20 s, the substrate is exposed. Therefore, the quality of MAPbI3 film treated with MA gas is affected by post-processing times.


Figure 2. SEM images of MAPbI3 films at different MA treatment times: (a) 0 s, (b) 5 s, (c) 10 s, (d) 15 s, (e) 20 s, (f) 30 s. Tapping-mode AFM height images of perovskite films treated with MA gas at different times: (g) 0 s, (h) 5 s, (i) 10 s.
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Figure A2. SEM image of MAPbI3 films at low magnification with different MA treatment times. Processing time: (a) 0 s, (b) 5 s, (c) 10 s, (d) 15 s, (e) 20 s, (f) 30 s.



[image: Crystals 08 00044 g0a2]





Figure A3. AFM three-dimensional images of perovskite films with different MA treatment times: (a) 0 s (b) 5 s (c) 10 s.
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Figure 3a depicts the cross-sectional view of the PSC with glass/FTO/TiO2/MAPbI3/spiro-OMeTAD/Ag planar structure, in which the thicknesses of TiO2, MAPbI3, spiro-OMeTAD, and Ag are about 80 nm, 360 nm, 250 nm, and 100 nm, respectively. Figure 3b shows the J-V characteristic curves of PSCs and the key parameters are listed in Table 1. The PSCs that without MA treating exhibit a JSC of 17.29 ± 0.83 mA/cm2, an open-circuit voltage (VOC) of 0.99 ± 0.02 V, and a fill factor (FF) of 59.5 ± 1.7%, leading to a corresponding average PCE of 10.2%. The best device shows a PCE of 10.7% with JSC is 18.1 mA/cm2, VOC is 0.98 V, and FF is 60.7%. It is obvious that the low JSC is the main factor that limits the PCE, which is consistent with the reported perovskite solar cell with a similar device structure [45]. For the device with 5 s and 10 s MA treating, JSC and VOC are strikingly enhanced, resulting in an increase in PCE from 12.5% to 14.4%. The best device made of MAPbI3 layer with 10 s MA treating yields a JSC of 22.1 mA/cm2, a VOC of 1.1 V, a FF of 61.5% and a PCE of 15.3%. The crystallinity of perovskite is improved step by step with the increasing of post-treatment times, and the (110) preferred growth is more pronounced (Figure 1a). However, the prolonged MA treatment, 15 s, decreases the performance of devices to an average PCE of 8.9%.


Figure 3. (a) The cross-sectional view of glass/FTO/TiO2/MAPbI3/spiro-OMeTAD/Ag planar heterojunction perovskite solar cell; (b) J-V curves and (c) incident photon-to-electron conversion efficiency (IPCE) spectra and integrated current density of the perovskite solar cells (PSCs) at different MA treatment times; (d) The impedance spectra of different MA treatment times of PSCs under 0.6 V applied bias in dark, the inset picture is the equivalent circuit.
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Table 1. Parameters of Current Density-Voltage Measurement and Electrochemical Impendence of the PSCs at different MA treatment times.







	
Time (s)

	
VOC (V)

	
JSC (mA/cm2)

	
FF (%)

	
PCEave (Best)

(%)

	
Rs (Ω cm2)

	
Rrec (Ω cm2)






	
0

	
0.99 ± 0.02

	
17.29 ± 0.83

	
59.5 ± 1.7

	
10.2 (10.7)

	
5.8

	
3265




	
5

	
1.09 ± 0.01

	
19.02 ± 0.63

	
61.3 ± 1.3

	
12.5 (13.6)

	
9.5

	
6076




	
10

	
1.09 ± 0.01

	
21.85 ± 0.52

	
61.5 ± 1.2

	
14.4 (15.3)

	
8.4

	
7719




	
15

	
1.02 ± 0.01

	
15.64 ± 0.76

	
54.5 ± 1.6

	
8.9 (9.8)

	
4.1

	
2876










Figure 3c shows the incident photon-to-current conversion efficiency (IPCE) and the integrated product of the EQE curves with the AM1.5G photon flux for the corresponding devices. The JSC data calculated from the IPCE spectra for the devices with 0 s, 5 s, 10 s, and 15 s MA treating is 16.6, 18.4, 20.9, and 15.1 (mA/cm2) respectively, in excellent agreement with the J-V measurements. To check the reproducibility of the device performance, we collected the power conversion efficiency of one batch of devices (25 devices, Figure A4). When the post-treatment time is 10 s, the statistics of the PCEs distribution demonstrates the reliability and repeatability. The results followed a Gaussian distribution with small relative standard deviations.


Figure A4. Histograms of PCEs measured for 25 cells that MA gas treating with different times. Processing time: (a) 0 s, (b) 5 s, (c) 10 s.
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Furthermore, electrochemical impedance spectroscopy (EIS) is employed to investigate the charge transport processes and recombination dynamics in PSCs. The EIS measurement of PSCs is conducted under 0.6 V applied bias and dark conditions, as shown in Figure 3d. The traditional front high frequency arc has disappeared, confirming that the interface contact capacitance (perovskite/TiO2 or spiro-OMeTAD/Ag) is nearly zero. To further understand the impedance spectra, the inset equivalent circuit is used to fit the test results to get detailed information, and the results are listed in Table 1. The difference of RS is minute, leading to a minor variation of VOC [46]. Rrec (recombination resistance) increases with the increase of MA treatment times from 0 s to 10 s, suggesting the significant improvement in electron injection and the effective suppression in charge recombination, resulting in the enhanced device performance. However, once the treatment exceeds 10 s, Rrec rapidly decreases, revealing deteriorative electron extraction at the interfaces that directly related to the formation of pinholes in the MAPbI3 films [47]. These results suggest that the defects at the grain boundaries and the coverage of film are the two crucial parameters that directly affect the device's performance. It is confirmed that the MA treatment method is a very effective process to improve the quality of MAPbI3 films again. The optimum MA treatment time is 10 s longer than the reported 2–3 s or <1 s [34,37], which is directly involved with the MA gas pressure and the film coverage. So, further optimization of the MA treatment, such as temperature, pressure, etc., is very necessary to obtain high quality thin films and high-performance devices.




3. Materials and Methods


3.1. Materials


Dimethylsulfoxide (DMSO), chlorobenzene and N,N-Methylformamide (DMF) obtained from Acros Organics. Titanium (IV) Chloride (TiCl4, 99.0%) purchased from Kermel (Tianjin, China). Spiro-OMeTAD (99.5%), Li-TFSI (99.95%), 4-tert-butyl pyridine (TBP, 96%), Lead (II) lodide (PbI2), Methylammonium iodide (MAI) was purchased from Xi’an Polymer Light Technology Corp (Xi’an, China). Methylamine solution in absolute ethanol (38 wt %) was purchased from Sigma Aldrich (Shanghai, China). All the chemicals were directly used without further purification.




3.2. Fabrication of Perovskite Solar Cells


The FTO was wiped with a cotton swab dipped in glass cleaner and then cleaned ultrasonically for 20 min in deionized water, acetone, alcohol and isopropanol orderly. Finally, the washed FTO substrates were treated with UV for 10 min.



Preparation of TiO2 blocking layer by chemical bath deposition method: the cooled TiCl4 (99.9%) solution of 2200 μL was added dropwise to ice-water of 100 mL (Divided by 22 times, each time added dropwise 100 μL). Then the solution stirred for another 30 min to prepare a homogeneous solution at a concentration of 200 mM. The FTO substrates were immersed into the precursor solution and kept in an oven at 70 °C for 50 min. After 50 min, the FTO substrates were washed with water and ethanol and then dried at 100 °C in air for an hour.



Lead iodide (PbI2) and methyl ammonium iodide (MAI) were dissolved in organic solvent (DMSO:DMF = 3:7, v/v) with molar ratio of 1:1, stirred in an N2 filled glove box at 65 °C for 12 h. A yellow precursor solution of methylamine lead iodine at a concentration of 1.25 M was obtained. The spin-coating procedure was performed in the glovebox: first, 700 rpm for 15 s; second, 3000 rpm for 25 s, then anti-solvent chlorobenzene was dropped onto the spinning substrates 18 s after the start of the 3000 rpm spin stage. Finally, the film was annealed at 60 °C for 3 min, 80 °C for 5 min, and 100 °C for 10 min to obtain MAPbI3 film (Figure 4).


Figure 4. The schematic drawing illustrates the process to prepare MAPbI3 polycrystalline film and the setup to vapor treatment process.



[image: Crystals 08 00044 g004]






A portion of the prepared MAPbI3 films were taken out randomly and subjected to post-treatment in MA vapor. Then we added 80 μL of Methylamine solution in absolute ethanol into the middle of the weighing bottle (50.60 mL). MAPbI3 film was placed upside down and pasted on the weighing bottle cap. When the cap was covered, the black MAPbI3 film immediately became colorless. Then we started timing. The post-processing times were 5 s, 10 s, 15 s, 20 s, 30 s. We opened the bottle cap to stop the process and the colorless film immediately turned black (Figure 4). As a comparison, 80 uL of ethanol was dropped into the middle of the weighing bottle, but black MAPbI3 film did not become colorless in 5 s, 10 s, 15 s, 20 s or 30 s (Figure A5).


Figure A5. The schematic drawing illustrates the difference to the MA vapor treatment (a) and the ethanol vapor treatment (b).
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The hole transporting layer was deposited by spin coating at 3000 rpm for 30 s. The spin-coating formulation was prepared by dissolving 72.5 mg of (2,2,7,7-tetrakis (N,N-dip-methoxyphenylamine)-9,9-spirobifluorene) (spiro-OMeTAD) powder in Chlorobenzene solution (1 mL), and then 17.5 μL of a lithium salt solution (the concentration was 520 mg/mL, the solvent was acetonitrile) was added, followed by the addition of 28.5 μL of 4-tert-butylpyridine (TBP). Finally, silver electrodes were deposited on the hole transporting layer.




3.3. Instruments


The phase structure was characterized on a Rigaku (D/MAX-2400) X-ray diffractometer (Cu Ka radiation, λ = 1.5425 Å). Scanning electron microscopy (SEM) images were obtained via a field emission scanning electron microscope (JSM-6700F) (JEOL, Tokyo, Japan). Ultraviolet–visible absorption spectra were recorded on a Shimadzu UV-3150 spectrophotometer in the 400–800 nm wavelength range at room temperature. The surface roughness of the films was obtained by atomic force microscopy (AFM, SII Nano Technology Ltd., Nanonavi, Shanghai, China) in noncontact mode. Steady-state photoluminescence (PL) spectra were measured on a FlouroMax-4 Spectrophotometer, using a pulsed diode laser as an excitation source. The current density-voltage (J-V) characteristics were recorded with a Keithley 2400 source meter and 300 W collimated Xenon lamp (Newport) calibrated with the light intensity to 100 mW cm–2 under AM1.5G solar light conditions by the certified silicon solar cell. Incident photon-to-electron conversion efficiency (IPCE) was obtained on a computer-controlled IPCE system (Newport) containing a Xenon lamp, a monochromator and Keithley multimeter. Electrochemical impedance spectroscopy was measured using an IM6e Electrochemical Workstation (ZAHENR, Kronach, Germany), in the dark and at 0.6 V, with the frequency ranging between 100 KHz and 0.1 Hz. The Z-View software (Scribner Associates Inc., Southern Pines, NC, USA) was used to fit the impedance spectra.





4. Conclusions


In conclusion, we demonstrate a feasible and effective post-treatment method using MA vapor for improving the quality of MAPbI3 films. MA treatment can repair the micro-gaps between grains, and eliminate the negative effect of pinhole and grain boundary on the device performance. This is benefit for improving the surface morphology, microstructure, and photo-electrical properties of MAPbI3 films varied along with the treatment times in MA vapor. XRD and SEM results show that the MAPbI3 films with surface smoothness, compact structure and preferential orientation in (110) planes can be obtained after 10 s treatment. Under this processing condition, the migration rate of the carriers is enhanced and the absorbance of the MAPbI3 film is increased through the optical performance test. As a result, the best efficiency of 15.3% is achieved with JSC of 22.1 (mA/cm2), VOC of 1.1 V, FF of 61.5%. Considering that MA vapor is introduced by commercially cheap methylamine ethanol solution, it is expected that this feasible and effective post-treatment method will benefit the easy-control and low-cost fabrication of highly efficient perovskite solar cells.
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