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Abstract: The advancement in a power conversion efficiency (PCE) to reach 25%, the inorganic perovskites are being explored intensively as promising optoelectronic materials due to their excellent photovoltaic performance, i.e., thermal stability and efficiency. Lately, the inorganic cesium lead halide perovskite is studied to show enhanced light absorption, however, it suffers from the phase separate into I-rich and Br-rich phase which leads to poor film quality due to difference of electronegativity. Herein, we propose a unique solution of controlling the rate of solvent volatilization followed by gel method to inhibit phase separation effectively to obtain the homogenous and pinhole-free CsPbIBr2 films with high crystalline quality. In this study, an inverted planar device based on a light absorber of CsPbIBr2 is prepared to achieve a power conversion efficiency of 8.8% (maintain a stabilized value of 8% in ambient air conditions). Surprisingly, the optimized cell without encapsulation shows excellent long-term stability, as it maintained 90% initial efficiency over 500 h and controlled storage at around 45% relative humidity and 25°C.
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Nomenclature



	Jsc
	short-circuit current density



	Voc
	open-circuit voltage




1  Introduction

The ABX3 type organic-inorganic hybrid perovskites have made amazing breakthroughs in the fields of photovoltaic and optoelectronics. A = organic cations, such as CH3NH3+ (MA+) and NH2CH=NH2+ (FA+), B = Pb, Ge, Sn, X = Cl, Br, I. The power conversion efficiency (PCE) of perovskite solar cells (PSCs) has promoted continuously from an initially lower value of 3.8% to a present optimized percentage 25.5% [1–3]. However, due to the presence of humidity which causes the evaporation of the organic parts, the ABX3 type organic-inorganic hybrid perovskite materials suffer from poor thermal stability [4,5].

As an alternative light absorber for organic-inorganic hybrid perovskites, the inorganic cesium lead halide perovskites have recently attracted tremendous attention due to their excellent thermal stability for photovoltaic (PV) application. Among all the inorganic perovskite solar cells, CsPbBr3 [6–8] are inspected for good stability and conversion efficiency, however, the light absorption rage for CsPbBr3 is too narrow, i.e., up to 540 nm of light, which limits the efficiency of the cells. The introduction of halogens into simple CsPbBr3, i.e., CsPbI2Br endorse it excellent stability [9–14] than simple CsPbI3 [15–17]. The CsPbIBr2 perovskite solar cells perfectly balance the stability and bandgap [18–24] and appear to be the promising candidate among all the previously reported inorganic halide perovskites. However, they become unstable in humidity and the fabricated thin films starts degenerating to yellow phase upon exposure to air. Moreover, the current cell efficiency based on CsPbIBr2 is generally not high. This dilemma is ascribing primarily to second facts. Firstly, the CsPbIBr2 films deposited by either conventional one-step or two-step solution routes forms the fine grains with numerous grain boundaries and compositional defects [21,22]. Secondly, the perovskites modified by halides compositions tend to be phase-segregated into iodide and bromide-rich phases [23,24].

In this work, we introduced a solvent-controlled gel method to obtain uniform CsPbIBr2 thin films containing high bromide by a one-step solution processing method, inspired by literature [21,22]. Moreover, a comprehensive study of the effect of solvent evaporation in-gel method on CsPbIBr2 crystallization has been conducted which results in the formation homogenous and pinhole-free CsPbIBr2 films. The planar CsPbIBr2 solar cells (glass/FTO/SnO2/CsPbIBr2/Spiro-OMeTAD/Au) exhibits enhanced charge transport and diffusion, which ultimately optimize the film quality and effectively inhibit phase separation due to the evaporation of the solvent from the film. The CsPbIBr2 cell exhibits the highest photoelectric conversion efficiency (PCE) of 8.74% placed after 30 min, with the open circuit voltage (Voc) of 1.17 V, the short-circuit current density (Jsc) of 10.9 mA·cm−2 and the fill factor (FF) of 69%, while the PCE of the cell with 0 min of gel treatment is 2.90%, with Voc of 0.90 V, Jsc of 7.16 mA·cm−2 and FF of 45%. Efficiencies of the planar CsPbIBr2 solar cells (glass/FTO/SnO2/CsPbIBr2/Spiro-OMeTAD/Au) reach up to 8.8%.

2  Experimental Methods

2.1 Materials

All chemicals were purchased from commercial sources. The tin dioxide (SnO2) colloidal precursors purchased from Alfa Aesar. The chemical purity of cesium iodide (CsI) and lead bromide (PbBr2) reach 99.999% reaches, the above two were purchased from Aladdin Chemicals Reagent Co., Ltd., China. Dimethyl sulfoxide (DMSO, Sigma-Aldrich). The FTO glass and Spiro-OMeTAD were purchased from Advanced Election Technology Co., Ltd., China. Conductive carbon paste was obtained from Shanghai MaterWin New Materials Co., Ltd., China.

2.2 Device Fabrication

Deionized water, acetone, and alcohol were used progressively to wash the substrate FTO glass before spin coating. Then, FTO substrate was deposited by SnO2 layer using spin coating at 4000 rpm for 30 s and annealed at 150°C for 30 min. The 1 M solution of CsPbIBr2 perovskite precursor was prepared, with a pure solution of DMSO. Afterwards, the CsPbIBr2 perovskite film was deposited by a single-step method spin coating 2000 rpm in glove box for 60 s. After deposition of CsPbIBr2 layer, it was placed in glove box and allowed the formation of gel for different times. The films were then annealed at 280°C for 10 min. After that, hole transporting layer was obtained by spin coating the 1 ml of Spiro-OMeTAD/chlorobenzene solution on perovskite/SnO2/FTO/glass at 4000 rpm for 30 s, Spiro-OMeTAD/chlorobenzene solution contains 72.3 mg Spiro-OMeTAD and 17.5 μl lithium bis (trifluoromethanesulphonyl) imide/acetonitrile (260 mg/ml) and 28.8 μl 4-tert-butylpyridine. Eventually, the 100 nm of the gold electrode was obtained by thermal evaporation using a shadow mask.

2.3 Characterization

The prepared device was characterized by X-ray diffractometer (D8 advance, Bruker, Karlsruhe, Germany) with radiation of Cu (Kα) at 40 kV and 40 mA (λ = 1.54178 Å) for the structural and crystallographic analysis. The absorption spectrum was detected by the Ultraviolet-3600 spectrophotometer (Shimadzu, Kyoto, Japan) with working range of 400–800 nanometers. A transient spectroscopy system (FluoTime 300, PICOQUANT GMBH, Germany) was used to obtained the photoluminescence (PL) and PL lifetimes with a 485 nm laser excitation source. The morphological analysis of the sample was explored by a field emission scanning electron microscope (SEM, JSM-6700F, Japan Electronics Corporation, Tokyo, Honshu, Japan). Photocurrent density-voltage (J-V) curves were acquired using a Keithley 2400 (Keithley Instruments, Inc., Cleveland, OH, USA) source meter under 1.5 G AM optical filter one-sun illumination provided by a solar simulator 91192–1000 (Newport Corporation-Oriel Instruments, Mountain View, CA, USA) on the active area of 0.1 cm2 of the cell.

3  Results and Discussion

Typically, the maximum solubility of bromide ion in N, N-dimethylformamide (DMF) precursor solutions is approximately up to 0.40–43 M [13]. Therefore, we selected the stronger polarity dimethyl sulfoxide (DMSO) as the only solvent to increase the solubility of the bromides and thus increase the precursor concentration. For the solvents with high boiling point, i.e., DMSO (189°C), it is hard to escape from the precursor film after spin-coating. It has been demonstrated that the residual DMSO could enhance the mass transport and diffusion in the annealing process which significantly promote perovskite grain growth [15,21]. Therefore, the aims of this research are focused on studying the crystal formation behavior of CsPbIBr2 perovskites by researching the crystal structure, surface morphology, and chemical state of CsPbIBr2 films and then prepare highly efficient CsPbIBr2 planar heterojunction solar cells. This research emphasizes the key role of the evaporation rate of the solvent for the preparation of the pure phase of CsPbIBr2 perovskites, which greatly improves the performance and phase stability of CsPbIBr2 planar heterojunction solar cells.

The schematic illustration of CsPbIBr2 perovskite thin film preparation is demonstrated in Fig. 1a. The time-dependent gelation of perovskite thin films reveals that less dark thin films exhibits excellent transmission. The photograph of CsPbIBr2 perovskite thin films with different gelation times from 0 to 50 min could be seen in Fig. S1. Fig. 1b shows the X-ray diffraction (XRD) patterns of annealed perovskite thin films placed after 0 and 30 min. It is found that the (100) and (200) crystal planes of annealed perovskite thin films appeared at 14.6° and 29.5° both before and after placement, but there are small peaks that appear around the main peak when perovskite thin films are directly annealed. Moreover, we performed a quantitative analysis of these peaks, and the corresponding XRD is shown in Fig. S2, which further proves that phase separation can be effectively suppressed by the way of placement. Fig. 1c shows the PL spectrum of the two annealed perovskite thin films which deposited on SnO2 layer. SnO2 is electron transport layer. The PL intensity of the perovskite film with gel 30 min is much lower than perovskite film with gel 0 min, which indicates that carrier transport performance is more efficient in the perovskite film with gel 30 min. Similarly, in addition to the photoluminescence peak around 600 nm, it also has a small photoluminescence peak near 700 nm when the perovskite thin film is directly annealed. This result indicates that the carrier transport performance of the perovskite film with gel 0 min is inferior to that with gel 30 min according to the PL peak values. These results further affirm the XRD results. Figs. 1d and 1e exhibit the scanning electron microscope (SEM) images of the surface morphology of the two annealed perovskite thin films. The grains are abnormally large when the perovskite thin films are directly annealed. This phenomenon is similar to that when chemically synthesizing single crystals. Direct annealed liquid films have more solvents and large spaces, which lead to abnormally large grains. Also, due to the poor ductility of DMSO, the film is not completely covered [13,14]. When the perovskite film is annealed after being placed for 30 min, its surface morphology becomes significantly denser and flatter, which indicates that it is also beneficial to the growth of the film while suppressing phase separation by placing it.
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Figure 1: (a) Schematic illustration of perovskite thin film preparation. (b) XRD patterns of annealed perovskite thin films for 0 and 30 min gelation. (c) Steady state PL spectra of annealed perovskite thin films. SEM images of annealed perovskite thin films placed for (d) 0 min and (e) 30 min

In order to explain the changes in perovskite film morphology, we further studied the intermediate process of film growth. Fig. 2a shows the XRD pattern of the gelation film without annealing placed at different times. It can be seen that when the placing time is 0 min, there are no characteristic peaks of PbX2(DMSO) (X is I and Br) adducts in intermediates DMSO-PbX2-CsI in the XRD test. With the extension of the place time, the characteristic peaks can be seen at 10.2° and 12.9° [13]. When the placing time is extended to 50 min, the peaks of adducts disappear. Fig. 2b shows the UV-visible absorption spectra of the gelation film places at different times. From the UV spectra, we can see that the absorption value of the gelation film gradually increases with the extension of the placing time. And the film can hardly absorb light when it places for 0 min, which is consistent with the corresponding XRD pattern. Moreover, the photographs of the samples are shown in Fig. S1. It can be seen that the color of the film gradually becomes darker as the placing time increases, and the color of the film is transparent when left for 0 min, further explaining why the absorption value is almost zero. These phenomena all indicate that the perovskite film has self-assembly characteristics during the placement process due to the fluidity of the solution and the electronegativity between molecules [25].
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Figure 2: (a) X-ray diffraction (XRD) pattern of gelation films placed for different times before annealing. The diffraction peaks labeled as “#” are PbX2(DMSO) at 10.2° and 12.9°. The gelation films changes from 0 to 50 min before annealing. (b) UV-visible absorption spectra of perovskite films with gelation time ranging

To further reveal the self-assembly process of films during placement, we inspect the SEM images of the liquid films placed at different time as shown in Fig. 3. These images clearly reveal the differences in the growth process of the gelation films. The Fig. 3a reveals the morphology of the film placed at 0 min which mostly contains the woven materials. Combined with the results of the XRD test, we analyzed that this woven material was a liquid material without the formation of any perovskite crystals. When the film is placed for 10 min as shown in Fig. 3b, in addition to the gradual reduction of the woven materials and their gradual broadening, a large amount of bulk material appeared. Combined with the corresponding XRD diffraction peaks, we speculate that the bulk material formed is perovskite at this time. Because of the absence of annealing, there are adducts in intermediates DMSO-PbX2-CsI in the film growth process. Such abnormally large grains are also caused by the secondary crystallization of the film during the growth process due to the presence of the intermediates. The gelation film becomes dense and uniform when it is placed for 30 min as illustrated in Fig. 3c, and it still has a small amount of intermediates at this time (peaks of PbX2 (DMSO) still present in XRD), which provides a flat and dense surface for the growth of the film during annealing, this is consistent with the results of the SEM measurements in Fig. 1. Fig. 3d shows the morphology of the gelation film places for 50 min, which is different from the morphology of the gelation film places for 30 min. The yellow circle in the illustration shows that the gelation film surface is not smooth before annealing, which is harmful to the formation of dense and flat perovskite film after annealing. Also, the steady photoluminescence spectra (Fig. S3) indicates that the carrier transport performance of 50 min is inferior to those of 30 min according to the experimental results of intensity of the absorption peak, we analyze that the steady photoluminescence (PL) spectra intensities of perovskite films with transport layer exhibit a twofold increase when increasing the gelation time from 30 to 50 min. Such enhanced PL intensity demonstrates an increase in the rate of nonradiative charge carrier recombination, possibly due to an addition in the grain boundaries, which serve as sites of nonradiative recombination [26]. This finding is consistent with the results of the SEM measurements in Figs. 3c and 3d indirectly.
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Figure 3: SEM images of the gelation films without annealing and placing for (a) 0 min (b) 10 min (c) 30 min (d) 50 min

As is well-known, PbX2 is a kind of Lewis acid, while CsI and DMSO are Lewis bases because of the presence of lone pair-electron donors (iodide for CsI and oxygen for DMSO), which tend to interact with PbX2 to form adducts [27–30]. From the above descriptions, the precursor film of gel at different times can be classified into four distinct morphologies: precursor film without any apparent gel, partly gel film, fully uniform transparent gelation film and gelation film with perovskite. Film gelation by the residual DMSO significantly enhance the mass transport and diffusion, which ultimately improve the film quality and effectively inhibit phase separation due to the evaporation of the solvent from the film, as described in Fig. 4.
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Figure 4: The schematic diagram of the crystal growth kinetics of CsPbIBr2 films

After annealing without any apparent gel or partly gel, as the DMSO volatilizing, several pin holes or a less pin hole film can be formed with obvious I-rich and Br-rich phase or phase separation weakened, as described in earlier section. When annealed after gel sufficient time, due to the weak Van der Waal-type interaction, DMSO molecules will be inserted between the adjacent planes of PbX2, resulting in an increase in the interlayer distance of PbX2, which forms DMSO-coordination PbX2, along the C-axis [24]. This facilitates the insertion of CsI and good coordination with PbX2. Then the formation of a large amount of intermediates PbX2-DMSO-CsI occurs through the spin coating process, similar to that in MAPbI3 [25]. However, when the gelation time is too long (50 min), because the gelation film reaches dissolution limit, which led to an uneven surface of the gelation film, and more defects form inside the annealed perovskite film, this can be explained by Figs. 3 and S3, which has mentioned above.

Fig. 5a is the reverse scanned J-V curves of the annealed CsPbIBr2 PSCs placed after 0 and 30 min. The CsPbIBr2 cell exhibits the highest PCE of 8.74% placed after 30 min, with the open circuit voltage (Voc) of 1.17 V, the short-circuit current density (Jsc) of 10.90 mA⋅cm−2 and the fill factor (FF) of 69%, as described in Tables 1 and 2 shows the performance of the CsPbIBr2 PSC placed after 0 min. While the PCE of the device without placement is 2.90%, Voc is 0.90 V, Jsc is 7.16 mA⋅cm−2 and FF is 45%. In Fig. 5b, we show histograms of the J-V scan PCE of 43 solar cells annealing after placed 30 min. The other PV parameters including Jsc, Voc, and PCE at different placement times are shown in Fig. S4, from which can be seen that the Voc, Jsc, and PCE are all enhanced after being placed 30 min. In Fig. 5c, long-term stability is investigated by placing the non-encapsulated device in the air at room temperature. We can see that the PSC annealed after being left for 30 min can maintain 90% of the initial PCE after aging for 500 h in an air environment, whereas the unplaced PSC is only 70% of the initial PCE after 30 h of aging, as described in Fig. S5, X-ray diffraction (XRD) pattern of the optimized perovskite films after aging for 500 h indicates that phase separation was suppressed. When the cell is continuously irradiated under AM1.5 sunlight, the control device loses 46% of the PCE, while it maintains 97% of the initial value for the PSC after 30 min of gel treatment (Fig. 5d).
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Figure 5: (a) Reverse scanned J-V curves of the CsPbIBr2 PSCs after 0 and 30 min of gel treatment. (b) Histogram of current density-voltage (J-V) scan efficiencies of 43 solar cells after 30 min of gel treatment. (c) Normalized PCE of the devices aged for 500 h in an air environment after 0 and 30 min of gel treatment. (d) Stability characterization of the devices after 30 min of gel treatment
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4  Conclusions

In summary, homogenous and pinhole-free CsPbIBr2 thin films with high crystalline quality was successfully fabricated using gelation technique for perovskite solar cells. The uniqueness of this work is controlling the rate of solvent volatilization to inhibit phase separation effectively to obtain the homogenous and defect free crystalline structure. More importantly, an inverted planar device based on a light absorber of CsPbIBr2 achieves a power conversion efficiency of 8.8%, and maintain a stabilized value of 8% in ambient air conditions. Of note, the optimized cell without encapsulation shows excellent long-term stability, as it maintained 90% initial efficiency over 500 h and controlled storage at around 45% relative humidity and 25°C. This approach will further insights the effectiveness of gelation technique towards the excellent defect free morphology of the films, and the performance of the devices.
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Figure S1: The photograph of CsPbIBr2 perovskite thin films with different gelation times from 0 to 50 min
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Figure S2: X-ray diffraction (XRD) pattern of perovskite films with different gel times
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Figure S3: Steady photoluminescence (PL) spectra of perovskite films with transport layer during different gelation times from 0 to 50 min
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Figure S4: (a) Jsc, (b) Voc, and (c) PCE statistical figures of cells without encapsulation at different placement times
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Figure S5: X-ray diffraction (XRD) pattern of the optimized perovskite films after aging for 500 h
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Table 1: The performance parameters of device after 30 min of gel treatment

Device PCE(%) Pa(mW) V..(V) T (mA-cm?) FF(%)

glass/FTO/SnO,/CsPbIBr,/Spiro-OMeTAD/Au  8.74 8.80 1.17 10.90 69
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Table 2: The performance parameters of device after 0 min of gel treatment

Device PCE(%) Poax(mW) Vo (V) J(mA-cm?) FF(%)

glass/FTO/SnO,/CsPbIBr,/Spiro-OMeTAD/Au  2.90 2.89 0.90 7.16 45
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