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Abstract

:

The development of organometal halide-based perovskite solar cells (PSCs) has made remarkable progress in photovoltaics. The commercialization of PSCs is still significantly limited, owing to their poor stability and the high material cost of a hole transport layer (HTL) and metal electrodes. To counter these issues, a carbon-based HTL and noble metal-free PSCs are being used. In this work, the effect of Cs-doping on perovskite film morphology and device performance has been systematically studied because the Cs+ and Br− ions-doping has proved to be a good choice to improve the stability of PSCs in combination with a carbon electrode. The results showed that when the Cs-doping concentration in perovskite film, MA1−xCsxPb(I1−yBry)3, was equal to x = 0.09, there was a substantial change in the morphological and optoelectronic properties of perovskite films. The grain size of perovskite films was improved from 70 nm (x = 0.00 control) to 170 nm (x = 0.09 Cs-doped), reducing grain boundaries. Moreover, the trap states were additionally passivated resulting in improved radiative recombinations in the perovskite film. The device fabrication was carried out in a controlled dry glovebox, with relative humidity < 40% using carbon as a counter electrode. As a result, Cs-doped PSCs showed a significant increase in efficiency (5.27%) compared to control PSCs (1.55%).
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1. Introduction


The advancements in optoelectronic materials have not only changed human life in the present, however have indicated a bright future ahead. The research has shifted toward organic–inorganic perovskites, due to their surprising optoelectronic properties having great potential to revolutionize photovoltaic (PV) applications [1]. Many promising properties of PSCs have rendered them the most appropriate choice for application in PV technologies [2,3,4]. These properties include a low cost of fabrication [5], high absorption coefficient, high power conversion efficiency (PCE), and long electron–hole diffusion length [6,7]. By varying the chemical composition of hybrid lead halide perovskite materials, their morphological, as well as optoelectronic properties, can be tuned. The PCE of hybrid organic–inorganic PSCs has increased from 3.8 up to 25.8% in a matter of a few years [8,9,10]. The major hindrance in their commercial application is their operating life, mainly due to decomposition under the influence of ultraviolet (UV) light, moisture, and oxygen. The stability issue is currently being addressed using various techniques, which include the employment of charge transport layers of hydrophobic materials, the optimization of fabrication techniques, the device encapsulation with hydrophobic and inert materials for better sealing, the modification of the electron transport layer (ETL) interface, and the tuning of perovskite materials with mixed halides or more stable organic cations, etc. [11]. Further, ABX3 represents the structure of PSCs’ light-absorbing layer, where A denotes methyl ammonium (CH3NH3 (MA)) or formamidinium (NH2CHNH2 (FA)) cations, B denotes bivalent metal (Pb or Sn), and X denotes halide or mixed halides (Cl, Br or I) [12]. The PV performance of mixed halide PSCs can be enhanced by tuning the I/Br ratio, and using this approach, a PCE of 12.3% was reported for MAPb(I1−xBrx)3 PSCs [13,14].



Nevertheless, the use of organic cations compromises the long-term stability of PSCs. Inorganic cations, as a replacement for organic cations, have been reported to be a more suitable choice for enhancing the device’s stability, whereas hybrid cations, on the other hand, undergo an accelerated decomposition at higher temperature values. The appropriate tolerance factor of Cs makes CsPbI3 a promising inorganic perovskite material [15]. However, upon heating to 320 °C, cubic black or an α-phase is observed whereas at room temperature the CsPbI3 film presents a δ-phase or, in other words, an orthorhombic yellow phase [16]. Using bication component incorporation, solvent engineering, and halogen exchange techniques, the α-CsPbI3 phase stability could be improved. Moreover, applying structures with lower dimensions has been proved to enhance PSCs’ stability. Materials such as CH3NH3PbI3 have shown an improved stability upon the inclusion of cations with small radii such as Cs, as compared to MA counterparts, thus making it a compatible replacement of MA in the unit cell [17,18]. Saliba et al. [19] introduced CsI into a solution consisting of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), which already contained FAI, PbI2, MABr, and PbBr2. The inclusion of inorganic Cs+ led to triple cation perovskite compositions that exhibited an enhanced thermal stability, reduced non-photoactive yellow phase impurities, and decreased sensitivity to processing conditions. In a separate study, Noh et al. [13] constructed inorganic–organic heterojunction solar cells utilizing the entire range of MAPb(I1−xBrx)3 (0 ≤ x ≤ 1). These investigations collectively demonstrate the effective performance enhancement of PSCs through the incorporation of Cs+ and Br- ions via single ion doping.



On the other side, when PSCs are left out to operate for a longer time, the metallic electrodes tend to corrode reducing the device’s lifetime due to oxygen vacancies, iodine, and metal halide ion formation [20,21]. In carbon-based PSCs (C-PSCs), carbon is used as an electrode, and its work function of approximately 5 eV makes it an efficient charge collector. Meanwhile, its hydrophobic nature and inertness help in achieving better stability even without encapsulation as it is neither affected by oxygen nor by ion migration [22,23].



Two types of C-PSCs are commonly reported, i.e., high-temperature (HT) and low-temperature (LT) processed C-PSCs [24]. Both of these structures exhibit the same working principle; however, LT C-PSCs are much simpler in structure as compared to the HT C-PSCs as carbon electrodes are directly deposited on the perovskite structure, which shows the proper crystallization at a low temperature [23]. The maximum efficiency achieved with HT C-PSCs is 16.37%, with a pristine MAPbI3 structure without HTL [25,26]. On the other hand, LT C-PSCs are able to achieve PCEs comparable to those exhibited by Au- and Ag-based devices [23,27]. The simultaneous use of graphite and carbon black has been reported as a high-performing combination, providing better conductivity and mechanical stability along with low series resistance. However, the compatibility between the combinations of carbon paste and additives and the perovskite layer in C-PSCs must be ensured to elude decomposition [28,29].



As discussed earlier, mixed cation/halide PSCs are more stable in the environment as compared to those based on the pristine MAPbI3. The concept of the substitution of HTL with graphite and a metal electrode with carbon black was first practiced by Lyu et al. [30], who reported a device PCE of 6.6%. This breakthrough opened the doors for the fabrication of HTL-, as well as metallic electrode-free PSCs. In another work, Kartikay et. al. fabricated C-PSCs based on fluorine-doped tin oxide (FTO)/TiO2 compact layer/TiO2 mesoporous layer/mixed cation FA1−xMAxPb(IyBr1−y)3 perovskite absorber layer/carbon architecture. By using this structure, they achieved a PCE > 10%, and the unencapsulated device showed a very improved stability over more than 700 h [31]. HTL-free C-PSCs with a device structure consisting of glass/In-doped SnO2/quantum dot (QD)-SnO2/mixed cation Cs0.05FA0.81MA0.14PbI2.55Br0.45 perovskite absorber layer/carbon were developed by Vijayaraghavan et al. and exhibited a PCE of 13.64% [32].



According to our knowledge, there is no literature available on the doping of the perovskite absorber layer with CsBr in a dry environment in combination with carbon as a counter electrode (CE). Most of the literature available is on the triple cation (Cs, MA, FA), synthesized in an inert glove box. In this work, a much simpler method was used to fabricate Cs and Br co-doped perovskite films from a solution of methylammonium iodide (MAI), PbI2, and CsBr in a mixed solvent containing N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) by spin-coating in a dry glove box at a humidity level of less than 40%. Molar ratios of CsBr:MAI:PbI2 equal to 0:1:1, 0.09:0.91:1, and 0.15:0.85:1 were used to prepare the best quality layer. A LT PSC structure was used for the fabrication of the full device, and a good quality layer with improved efficiency and stability was obtained as compared to the standard layer.




2. Materials and Methods


2.1. Materials


Lead iodide (PbI2, 99.9%), methylammonium iodide (MAI, 99.9%), cesium bromide (CsBr, 99.9%), polyvinyl acetate (PVAc), carbon black and graphite flakes, FTO glass, N,N-dimethylformamide (DMF, anhydrous 99.8%), dimethyl sulfoxide (DMSO, 99.8%), chlorobenzene (CB, anhydrous 99.8%), titanium (IV) isopropoxide (TTIP, 99.9%), and mesoporous titania dioxide (meso-TiO2) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents were employed as received, without further purification.




2.2. Characterization


The X-ray diffraction (XRD) technique was used (Bruker D8 Advanced, Bruker AXS GmbH, Karlsruhe, Germany) to investigate the structural changes and analyze the crystal size of the perovskite films, employing a scanning rate of 0.02 °/s in the 2θ range of 5 to 70°. The XRD patterns were recorded using a CuKα radiation source (λ = 154056 Å), generated at an excitation voltage of 25 kV and a current of 40 mA.



The ultraviolet–visible–near infrared (UV–Vis–NIR) spectrophotometer UV-3600 Plus (Shimadzu Co., Kyoto, Japan) was used to investigate the optical properties of the perovskite absorber layers. The absorbance of the samples was measured in the range of 350 to 1100 nm.



Photoluminescence (PL) emission spectra in the range of 389 to 1100 nm (380 nm excitation wavelength) were acquired, using the iHR-320 spectrophotometer of Horiba Scientific (Horiba Instruments Inc., Irvine, CA, USA).



The Fourier transform infrared spectroscopy (FTIR) of prepared thin films was performed, with the help of a FTIR Spectrum 100 of PerkinElmer (PerkinElmer, Waltham, MA, USA) to study the interaction of the different functional groups within a film or a powder. FTIR data of very thin absorber layers were recorded in the range of 600 to 4000 cm−1, with a scan rate of 2 cm−1.



The water contact angle was measured to investigate the hydrophobic nature of the carbon electrode, using the VCA Optima (AST Products, Inc., Billerica, MA, USA) system.



The surface morphology and grain size of the perovskite absorber layers were investigated by using the scanning electron microscopy (SEM) TESCAN-VEGA-3 (TESCAN ORSAY HOLDING, Brno, Czech Republic), equipped with the electron energy dispersive spectroscopy (EDS) OXFORD X-Max 50 (Oxford Instruments, Concord, MA, USA). SEM images were acquired with a field magnification of 5 µm–500 nm, with an accelerating voltage of 10.0–15.0 kV.



The surface topography and roughness were investigated using the atomic force microscopy (AFM) technique (Nanosurf FlexAFM Version 5, Liestal, Switzerland) in static mode.




2.3. Electron Transport Layer Synthesis


To synthesize the compact-TiO2 (c-TiO2) precursor, 2 different solutions were prepared. For solution 1, 2.53 mL of isopropyl alcohol (IPA) were added into 570 μL of TTIP. For solution 2, 28 μL of 2 M HCl were added to 2.53 mL of IPA. While stirring, solution 2 was added dropwise into solution 1 very carefully, and the precursor solution of c-TiO2 was stirred for 30 min at room temperature on a hot plate.



For meso-TiO2, a standard meso-TiO2 paste was diluted with ethanol into a 1:8 ratio, and the precursor solution was stirred for 30 min at room temperature on a hot plate.




2.4. Preparation of the Absorber Layer Precursor Solution


The MAPbI3 precursor solution was prepared by dissolving 461 mg of PbI2 and 159 mg of CH3NH3I (1:1 molar ratio) in 700 μL of DMF and 300 μL of DMSO solution. The MA1−xCsxPb(I1−yBry)3 precursor solution at different CsBr concentrations (x = 0.00, 0.09, 0.15) was obtained by dissolving PbI2, CH3NH3I, and CsBr (1:1 molar ratio) in 700 μL of DMF and 300 μL of DMSO solution. All perovskite precursor solutions were heated at 70 °C for 12 h inside a dry glove box before the film deposition.




2.5. Preparation of the Carbon Counter Electrode


A carbon paste was synthesized for the preparation of carbon CE by mixing 600 mg of carbon black powder and 400 mg of graphite in 10 mL of CB solvent. The PVAc was used in the paste as a binder. For the binder dispersion, 1 g of PVAc was added to 11 mL of CB and stirred at room temperature for 24 h. Next, 4 mL of binder dispersion were added to the carbon paste, which was finally ball-milled for 24 h.




2.6. Solar Cell Fabrication


PSCs were fabricated with a device structure consisting of FTO/c-TiO2/meso-TiO2/ MA1−xCsxPb(I1−yBry)3/carbon/counter FTO (Figure 1). An etched FTO-coated glass substrate was first cleaned by ultrasonication in deionized water, followed by isopropanol, acetone, and isopropanol cleaning for 15 min at 55 °C. A blocking layer of c-TiO2 (c-bl-TiO2) approximately 100 nm in thickness was deposited on the FTO substrate by spin-coating at 3000 rpm for 30 s. The compact FTO/bl-TiO2 substrate was dried at 125 °C for 5 min, then annealed at 450 °C for 1 h and finally cooled down slowly to room temperature. Further, TiO2 pastes (20 nm-sized particles), previously diluted in ethanol (1:7 weight ratio), were spin-coated at 3500 rpm for 20 s to obtain the meso-TiO2 layer. The latter was dried at 125 °C for 5 min, then sintered at a relatively higher temperature (450 °C) for 1 h and finally cooled down to room temperature. The perovskite solutions MA1−xCsxPb(I1−yBry)3, x = 0.00, 0.09, and 0.15, were then spin-coated onto the FTO/c-bl-TiO2/meso-TiO2 substrate at 2000 rpm for 30 s inside a dry glove box at relative humidity (RH) < 40%. CB was dripped on the rotating surface of the substrate as the anti-solvent, 10 s before the completion of the spin-coating process. The samples were annealed on a hot plate at 100 °C for 20 min to produce uniform MA1−xCsxPb(I1−yBry)3 films. The upper side of the perovskite film was grooved by using Kapton tape, and subsequently the carbon CE was deposited through the doctor blade technique. The thickness of the carbon layer was optimized by using the Kapton tape. After the deposition, the carbon layer was dried in air for 10 min and subsequently annealed at 70 °C for 20 min in an open environment at 50% RH.





3. Results and Discussion


The effect of variable CsBr-doping concentrations on perovskite films’ crystallinity was investigated by performing XRD analysis (Figure 2a). The typical tetragonal phase of perovskite was identified in all the tested samples. The diffraction peaks were observed at 14.16, 20.06, 23.54, 24.55, 28.50, 31.95, 35.04, and 40.72°, which correspond to the crystal planes 110, 112, 211, 202, 220, 310, 312, and 224, respectively, [33]. Negligible differences were highlighted in the diffraction peaks’ positions of the perovskite films doped with different CsBr concentrations. The 2 possible reasons for this slight shift in position are lattice distortion or a strain in the MAPbI3 perovskite at a low Cs-doping concentration [34]. All the XRD peaks for the films doped with x = 0.09 and 0.15 CsBr were similar to those of the control perovskite film (x = 0.00), and no additional peaks were detected (see Figure 2a), thus showing that the CsBr-doping level in the samples was very low, and there was no further possibility to introduce a new phase at these low doping concentrations. However, the diffraction peaks’ widths displayed a slight difference when the Cs-doping concentration was increased; a reduction in a peak’s width corresponded to an increase in the crystal size and crystallinity and vice versa (Figure 2b,c). The improvement in crystallinity is clearly evident by looking at the intensity change in plane 110 (Figure 2b). Moreover, the peak intensity of the 110 and 220 planes increased significantly for x = 0.09 films, whereas it started decreasing by further increasing the CsBr content (x = 0.15) [35,36].



The full width at half maximum (FWHM), as well as the crystallite size, were calculated for all the investigated perovskite films, and the smallest FWHM value of 0.095 was assessed for the x = 0.09 sample. This small value of FWHM indicates that the perovskite phase exhibits the highest crystallinity in the 110 plane, with the highest peak [37]. Then using the Scherrer formula, the crystal grain size D of perovskite films was calculated according to the diffraction peak observed at 14.16°:


D = 0.9 λ/β cosθ



(1)




where λ represents the X-ray wavelength (0.154 nm), β the FWHM of the 110 peak, and θ the Bragg angle [35]. The results of these calculations, shown in Figure 2c, highlight that by increasing the Cs-doping concentration, the crystal size increased up to x = 0.09, and then it started decreasing; as soon as the intensity was improving, the crystallite size was improving; however, when the FWHM started increasing, the crystallite size started decreasing. Perovskite films with a Cs-doping concentration equal to x = 0.15 were additionally fabricated, and it was observed that films turned inhomogeneous as well as rough having low purity and pinholes in higher density, as evident by the SEM and AFM results shown later in the study and in Figure S1, respectively.



The UV–Vis–NIR absorption spectra of all the investigated perovskite films are shown in Figure 3a. In agreement with the XRD patterns presented in Figure 2a, the doping with increasing concentrations of Cs did not affect consistently the shape of the absorption curves in the range of 450 to 790 nm. However, the absorption edge shifted towards shorter wavelengths when the Cs-doping concentration was increased [38]. Using the method described by A.B. Murphy [39], the optical band gap (Eg) values were calculated for all the synthesized perovskite films [40].



The Eg values were found to be similar for all the films; however, a slight increase from the value of 1.57 eV for the undoped film was detected when increasing the concentration of Cs (see Figure 3b–d). Furthermore, the samples doped with x = 0.09 and 0.15 CsBr exhibited Eg values equal to 1.60 and 1.62 eV, respectively, thus implying that the tuning of the Eg can be easily achieved by controlling the CsBr content in the perovskite film (Figure 3b–d). Perovskite materials with a low band gap can absorb lower-energy photons to generate more electron-hole pairs.



The photophysical properties of the MA1−xCsxPb(I1−yBry)3 nanocrystals were evaluated using steady state PL measurements, while the Cs-doping concentration was gradually increased. From the PL results, it can be witnessed that the emission maxima (λem max) of the MA1−xCsxPb(I1−yBry)3 perovskite films can be adjusted in the range of 760 to 765 nm with a fixed excitation peak at 380 nm [41,42]. The PL peak intensity for the control perovskite film was lower in comparison with that of Cs-doped perovskite films. The enhanced PL peak intensity of Cs-doped perovskite films explains the reduction in surface-trap states (which were due to non-radiative recombination) and the enhanced crystallinity (consistent with the SEM results shown later in the study). A larger amount of the Cs-doping concentration (x = 0.15) resulted in a PL intensity decrease [6,43], as shown in Figure 4a.



The Urbach energy (Eu), which is the electronic disorder below the optical band gap, was calculated by linearly fitting ln(α) versus hν profile using the following relation:


  α =  α 0  e x p    E   E u       



(2)




where α represents the absorption coefficient, α0 a material constant, and E the photon energy [44,45]. This relation was used to obtain further insight into the quality of the perovskite films, after Cs-doping. The Eu value for the control film (x = 0.00) was 216 meV, whereas the samples doped with x = 0.09 and 0.15 Cs concentrations exhibited a lower value of 152 meV and a comparable value of 213 meV, respectively, as shown in Figure 4b–d. The lower Eu value exhibited by the x = 0.09 sample was a clear indication of the trap state density reduction, and these results are in line with the steady state PL measurements shown in Figure 4a. No peak shift was noticeable in the PL spectra [46].



The strength as well as orientation of known chemical bonds were identified by performing FTIR analysis. The purpose was to look for any possible changes in the position of bonds owing to the presence of CsBr in MAPbI3 perovskite films. The FTIR technique is very useful to identify the bonds in complex structure organic molecules such as perovskites, where there may be precise signature peaks due to the presence of external impulses. The FTIR spectra of Cs-doped perovskite films measured at room temperature are shown in Figure 5a. In the literature, for conventional MAPbX3 perovskites, vibrational spectroscopic measurements highlighting reliable peaks for N-H, C-H, and CH3-NH3 have been reported [47]. In this study, 4 prominent peaks at 900, 1500, 3150, and 3180 cm−1 were identified in the control (x = 0.00) perovskite film (see Figure 5a,b). The structure of the peak at 3150 cm−1 was slightly doublet and corresponded to the N-H stretch in the NH3+ ion; moreover, this structure was an indication of a symmetric as well as asymmetric NH3+ stretching combination. The peaks at 1500 and 900 cm−1 were assigned to ammonium bond bending and CH3-NH3, respectively. Interestingly, the peaks remained similar to those of pure MAPbI3 upon increasing the CsBr-doping. However, minor variations were highlighted; in particular, 2 distinct peaks close to 3180 and 3116 cm−1 replaced the peak at 3180 cm−1. These 2 peaks were responsible for minor variations in the structure of CH3-NH3, indicating that the Cs’ presence resulted in local environment changes in the methylammonium group; however, the counter inorganic part stayed stable. As the doping concentration of Cs was further increased, the double peaks at 3180 and 3116 cm−1 remained prominent with the maximum intensity occurring in the x = 0.09 film. The intensity of these 2 peaks showed a slight reduction at x = 0.15, while it was significantly reduced, and it almost vanished if CsBr was further added into the perovskite film. At the x = 0.15 Cs-doping concentration, the peak at 1500 cm−1 narrowly started to increase, whereas no prominent effect was evidenced on the 900 cm−1 peak. Thus, it can be deduced that the presence of Cs above a certain level (x = 0.09) leads to structure percolation resulting in conductivity changes. However, it remains ambiguous whether Cs-doping merely brings changes to the surrounding electronic structure or it enforces the new structure formation [34].



Grain boundaries (GBs), being characterized by the presence of a high number of defects, are mainly responsible for non-radiative recombination and additionally promote trap-assisted charge carrier recombination in perovskite films. In some studies, it was found that the process of ion migration tends to dominate at GBs in MAPbI3-based perovskites rather than in the grain interiors [48]; moreover, the increase in grain size was found to lead to an increase in the activation energy of ionic migration. Several research groups have established that the grain size increase causes a decrease in GBs [49,50,51]. Further confirmation of these results was assessed by performing SEM analysis at the 3 different Cs-doping concentrations of x = 0.00, x = 0.09, and x = 0.15 (see Figure 6a–c). From the SEM results, it can clearly be deduced that there were no visible pinholes, and the grown perovskite films exhibited large grains with full substrate coverage. The film with a Cs-doping concentration equal to x = 0.09 showed minimized GBs and an improved grain size (170 nm) (Figure 6e) as compared to the control (x = 0.00) sample (Figure 6d). Additionally, and as expected, the EDS spectrum of the x = 0.00 sample did not reveal any peak for the Cs+ and Br-, whereas prominent peaks were observed in the EDS spectra of the Cs-doped samples (Figure S2). Interestingly, as shown in Figure 6f, when the Cs-doping concentration was further increased up to x = 0.15, the grain size was slightly decreased, and Cs particles agglomeration could be observed. These agglomeration sites led to an increase in the surface roughness, as clearly evident from the AFM analysis results shown in Figure S1: when the concentration of Cs was low, the surface roughness and root mean square roughness (Rrms) were high; however, as soon as the doping concentration of Cs was increased, this Rrms value started decreasing from 60 nm for the x = 0.00 sample to 10 nm for the doped sample (x = 0.09). This simply means that with increasing the doping concentration, the GBs started increasing and, overall, a smoother perovskite absorber layer was produced. With a smaller number of GBs, the charge transfer was enhanced, and as a result, cell performance was increased. However, after a certain level of the Cs-doping concentration (x = 0.15), the agglomeration started, thus leading to the increase in the Rrms value (17 nm) and to the deterioration of the film’s quality.



PL characterization was performed to check the charge carrier transfer and extraction behavior at the interface of the perovskite/carbon electrode at different Cs-doping concentrations. The PL spectra showed a perovskite luminescence peak at 760 nm, as demonstrated in Figure 7a. The substantial quenching of PL in the presence of the carbon electrode indicated the charge transfer between the perovskite film and the CE [52]. The interesting fact to be noted is that an even more extensive quenching of PL occurred when the doping concentration was increased up to x = 0.09, because at this doping concentration the perovskite absorber layer exhibited fewer trap defect states and fewer GBs. However, when the doping concentration was further increased (x = 0.15), the PL peak started to increase, which means that the presence of trap defect states was increasing with the agglomeration at the surface of the film, the charge carrier transfer was hindered by the presence of this poor quality of the film, and the overall efficiency and stability of the device were compromised [52].



The water contact angle was measured to further investigate the role of carbon CE in increasing the stability of the PSCs [53]. More specifically, the water contact angle was measured on both the (i) Cs-doped absorber layers and (ii) Cs-doped absorber layers with carbon CE, to check the effect of the humidity on the Cs-doping in the presence and in the absence of the carbon CE. As demonstrated in Figure S3a–c, as the Cs-doping concentration was increased the water contact angle was additionally increased due to the more compact film morphology. On the other hand, when the carbon was deposited on the perovskite films, they became more hydrophobic, as shown in Figure 7b–d. The superior resistance against moisture offered by the top carbon/perovskite layer as a consequence of its compact structure and large water contact angle is responsible for the superior stability of the cell [53].



The C-PSCs energy level diagram has been schematized in Figure 8a [54,55,56]. The electrons injection into the TiO2 conduction band was efficient, due to the proper alignment between the ambipolar perovskite and the meso-TiO2 energy levels, while holes could be collected at the carbon CE and then travel through the external circuit. The photocurrent density–voltage (J-V) curves of the PSCs assembled with undoped and Cs-doped perovskite films as the absorber layer and carbon as the CE are reported in Figure 8b. The curves were taken in air mass (AM) 1.5 1-sun (100 mW/cm2) illumination conditions. The output electrical parameters of the solar devices are detailed in Table 1. The charge transport is extremely linked to the interfacial contact between the CE and the perovskite film. The poor interfacial contact between the perovskite film and the graphite flakes in the case of the cells with CE was the reason behind their poorest performance [57].



The devices in this study were fabricated with architecture consisting of FTO/c-TiO2/meso-TiO2/MA1−xCsxPb(I1−yBry)3/carbon (x = 0.00, 0.09, and 0.15). The PCE, Voc, FF, and Jsc of the cell fabricated with the control perovskite film (x = 0.00) were 1.55%, 0.530 V, 0.29, and 9.56 mA/cm2, respectively. The highest PCE value of 5.27% was achieved at an x = 0.09 Cs-doping concentration; interestingly, when the Cs-doping concentration was increased from x = 0.09 to x = 0.15, the PCE decreased to 3.09%. The decreased PCE of the device at x = 0.15 was attributed to a lower open-circuit voltage and short-circuit current density, due to smaller grain sizes. Upon increasing the doping level of Cs from x = 0.00 to x = 0.09, the corresponding increase in Voc, Jsc, FF, and PCE was from 0.530 to 0.659 V, 9.56 to 18.05 mA/cm2, 0.29 to 0.44, and 1.55 to 5.27%, respectively. Both Figure 2a (XRD) and Figure 6a–c (SEM) highlight that the crystal grains grew much larger when the perovskite film was doped with Cs. The larger the grain’s size, the smaller will be the area occupied by GBs, thus resulting in fewer defects and recombination losses of photogenerated carriers contributing to improved electronic output parameters. Interesting studies in the literature have shown that the grains grow even larger with Br−- instead of Cs+-doping [58,59]; that is why the replacement of I− with Br− is worth considering in MAPbI3 to help perovskite crystal grains grow bigger. Moreover, another key factor contributing to an increase in open-circuit voltage is the blue shifting of the perovskite band gap upon doping with CsBr, as reported in Figure 3a. These findings proved the fact that the broadening of a plain perovskite thin film’s band gap can take place due to doping with Br− or Cs+ [17,34,58]. The improvement in FF after doping with CsBr can be attributed to the enhanced charge transport induced by replacing I− with Br− [60]. On increasing the doping level of CsBr from x = 0.09 to x = 0.15, the Voc, Jsc, and FF decreased, respectively, from 0.659 V, 18.05 mA/cm2, and 0.44 to 0.639 V, 14.13 mA/cm2, and 0.30. Both the XRD and SEM results showed that the increased GBs by Cs-doping (see Figure 2a and Figure 6a–c) may increase the charge carrier recombination probability and, therefore, attenuate the photovoltaic current density [33,61]. The smoothness of the perovskite absorber layer was reduced with increasing the CsBr-doping concentration, due to the agglomeration of the Cs+ and to the halide segregation. Therefore, there was weak interfacial contact between the perovskite and carbon layers due to which the shunt resistance and series resistance were increased, and there was an additional drop in the Jsc and Voc at x = 0.15.




4. Conclusions


In this work, the effect of different Cs-doping concentrations on the morphological, structural, optical, spectroscopic, and luminescent properties of perovskite absorber layers was thoroughly investigated. The crystallization rate was found to be accelerated upon cesium’s introduction into the precursor, resulting in larger grain size and fewer GBs in the film. Consequently, the defects originating from ion migration at the GBs were suppressed. Moreover, the defect density of states was reduced as evident from the PL spectra. The fabrication of PSCs was carried out in a dry glove box by using carbon as the CE, after successfully optimizing the CsBr-concentration in the perovskite absorber layer at x = 0.09. The high charge carrier mobility of the carbon CE enhanced the hole extraction from perovskite film and decreased the recombination in the device, due to the inertness of the carbon electrode to the ion migration originating from the perovskite film. The best performing PSC was assembled with the perovskite film doped with a Cs-doping level of x = 0.09 and showed a PCE of 5.27%, which is consistently higher than the 1.55% exhibited by the solar device based on the control (x = 0.00) perovskite film. Additionally, the hydrophobic and dense carbon CE layer provided enhanced resistance to perovskite film against ambient moisture. This technique proposes a promising pathway for reducing the fabrication cost of PSCs, by exploring low-cost carbon-based materials and making the PSCs’ commercialization easier.
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Figure 1. Step-by-step methodology for the assembling of PSCs. 
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Figure 2. (a) XRD patterns of the perovskite films doped with different CsBr-concentrations; (b) zoom-up of the XRD peak centered at 14.16°; and (c) crystallite size of the perovskite films as a function of the CsBr-doping concentration. 
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Figure 3. Absorption curves (a) and Tauc plots (b–d) of the perovskite films doped with the 3 different CsBr-doping concentrations of x = 0.00, 0.09, and 0.15. 
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Figure 4. (a) PL spectra of perovskite absorber layers at different doping concentrations of CsBr. Estimation of Urbach energy for the (b) x = 0.00, (c) x = 0.09, and (d) x = 0.15 perovskite films. 






Figure 4. (a) PL spectra of perovskite absorber layers at different doping concentrations of CsBr. Estimation of Urbach energy for the (b) x = 0.00, (c) x = 0.09, and (d) x = 0.15 perovskite films.



[image: Energies 16 04748 g004]







[image: Energies 16 04748 g005 550] 





Figure 5. (a) FTIR spectra of the perovskite films doped with the 3 different CsBr-concentrations of x = 0.00, x = 0.09, and x = 0.15 and (b) zoom-up of the peak centered at 3180 cm−1 to check the effect of the Cs-doping on the perovskite structure. 
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Figure 6. Top view SEM images of the perovskite films at different CsBr-doping concentrations: (a) x = 0.00, (b) x = 0.09, and (c) x = 0.15; (d–f) grain size distribution of the perovskite films at different CsBr-doping concentrations. 
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Figure 7. (a) PL spectra of perovskite absorber layers at different doping concentrations of CsBr with and without carbon; (b–d) water contact angle of perovskite absorber layers doped with the 3 different CsBr-doping concentrations of x = 0.00, x = 0.09, and x = 0.15 in the presence of carbon CE. 
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Figure 8. (a) Energy level diagram of C-PSCs [55,56] and (b) J-V curves of PSCs employing undoped and Cs-doped perovskite absorber layers and carbon CE. 






Figure 8. (a) Energy level diagram of C-PSCs [55,56] and (b) J-V curves of PSCs employing undoped and Cs-doped perovskite absorber layers and carbon CE.



[image: Energies 16 04748 g008]







[image: Table] 





Table 1. Photovoltaic parameters of PSCs based on undoped and Cs-doped perovskite absorber layers and carbon CE. Vmp, Imp, Voc, Jsc, and FF represent the voltage at maximum power, the current at maximum power, the open-circuit voltage, the short-circuit current density, and the fill factor, respectively.
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	x
	Vmp (V)
	Imp (A)
	Voc (V)
	Jsc (mA/cm2)
	FF
	PCE (%)





	0.00
	0.306
	5.07
	0.530
	9.56
	0.29
	1.55



	0.09
	0.542
	11.13
	0.659
	18.05
	0.44
	5.27



	0.15
	0.368
	8.41
	0.639
	14.13
	0.30
	3.09
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