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Interface Engineering of BCP Buffer Layers in Planar Heterojunction Perovskite Solar Cells With NiOx Hole Transporting Layers
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Bathocuproine (BCP) was first employed as the interface buffer layers between the PCBM and Ag layers to improve the performance of Cs0.08(MA0.17FA0.83)0.92Pb(I0.83Br0.17)3 perovskite solar cells based on NiOx hole transporting layers. The effect of different evaporation times on the performance of solar cells at the same evaporation temperature (100°C) was carefully investigated. The optimum device efficiency of 14.47% was obtained by evaporating BCP for 36 s, suggesting an enhancement of 14% as compared to the cell without BCP modification.
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INTRODUCTION

Energy has always been an important impetus for the development of human civilization. In recent years, the adverse effects of the energy crisis have become more and more prominent. Solar cells have been widely recognized as the most effective way to directly convert solar energy into electricity, and a promising renewable energy technology that can support sustainable human development [1]. Inorganic-organic hybrid perovskite solar cells (PSCs) are expected to become a new generation of high-performance thin-film solar cells owing to their excellent absorption and charge transfer performance. Since 2009, the inorganic-organic hybrid perovskite solar cells have developed rapidly and the highest efficiency has reached 22.1% [2], which is comparable to the silicon-based solar cells. The most efficient device is the mesoporous n-i-p structured PSCs, usually using TiO2 and spiro-OMeTAD as the electron transporting layer (ETL) and hole transporting layer (HTL), respectively. Although the mesoporous structure can obtain high photoelectric conversion efficiency, it is necessary to use high-temperature annealing to prepare mesoporous TiO2 layers, thereby limiting the rapid and efficient manufacturing in the industry [3]. Compared with the mesoporous structured PSCs, the planar heterogeneous structure is simpler and more flexible, and the preparation process of the cells is relatively simple, which provides the possibility for the large-scale commercial production under low temperature conditions. Therefore, more and more attention is paid to optimizing the charge transport and perovskite layers in the planar p-i-n structure to improve the device performance [4–6]. In order to realize the commercial production of PSCs, it requires not only high photoelectric conversion efficiency, but also good stability of the device via a low-temperature fabrication route. Recently, Saliba et al. introduced a triple cation Csx(MA0.17FA0.83)(100–x)Pb(I0.83Br0.17)3 perovskite in the n-i-p structure, reaching PCE values of more than 20% together with good light stability and perovskite crystallinity compared with the traditional perovskite system [7]. In addition, metal compounds, such as CuOx [8], CuS [9], CuSCN [10], NiO [11, 12], and GeO [13] have been suggested as inorganic hole transport materials to replace PEDOT:PSS due to its expensiveness in commercial production and poor mechanical stability in flexible devices [14]. Therefore, the combination of the triple cation perovskite and the inorganic charge transfer materials can meet the commercial production conditions for PSCs. Recently, Stefan Weber et al. used NiO as HTL in a triple cation perovskite planar heterojunction solar cell, but its efficiency was only up to 12.8% [15].

In this regard, in order to realize the preparation of high-efficiency and high-stability planar triple cation perovskite solar cells, the effect of bathocuproine (BCP) as an interface buffer layer on the performance of the device was studied. In this work, the planar PSCs with an ITO/NiO/perovskite/PCBM/BCP/Ag structure were prepared, where BCP was obtained by thermal evaporation. After several control experiments, the best BCP evaporation time of 36 s (thermal evaporation temperature: 100°C) was achieved, reaching a PCE value of 14.47% that increased by 14% compared to the cell without BCP.

EXPERIMENTAL SECTION

Preparation of NiOx Nanocrystals

NiOx nanocrystals (NCs) were synthesized based on previously reported literature with slight modification [16, 17]. First of all, Ni(NO3)2·6H2O (0.1 mol) was dispersed in 60 mL deionized water to obtain a dark green solution. Then, using a syringe pump to control the injection rate at 1 mL/h, a 40 mL KOH solution was slowly add into the above solution with stirring. The resultant colloidal precipitate was washed three times with deionized water and dried at 70°C over night. After that, the green powder was annealed at 270°C for 2 h to get a dark-black powder. The synthesized nanocrystals were dissolved in deionized water at a concentration of 15 mg/mL and sonicated to obtain a spin-coating precursor solution in which the NiOx NCs were uniformly dispersed.

Preparation of Perovskite

The preparation method of triple cation perovskite was adopted from Neha Arora et al. [10]. First, CH(NH2)2I (FAI, 1.0 M), PbI2 (1.1 M), PbBr2 (0.2 M), and CH3NH3Br (MABr, 0.2 M) were dissolved in a solution of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) by volume ratio of 4:1, stirred for 1 h, and then a CsI solution (5% volume, 1.5 M DMSO) was added to the mixed solution and stirred for another 1 h to obtain a perovskite precursor solution. The above solution was spin-coated on the ITO substrates via the one-step method to prepare Cs0.08(MA0.17FA0.83)0.92Pb(I0.83Br0.17)3 perovskite films.

Device Fabrication

First, the ITO-coated glass substrates were ultrasonically washed in detergent, deionized water, acetone and ethanol for 20 min followed by 15 min of ultraviolet-ozone treatment. The NiOx NCs film was deposited by spin-coating the NiOx NCs precursor solution at 2,500 r for 30 s on the ITO glass and annealed at 150°C for 20 min in air. After that, perovskite film was obtained in a glove box using a one-step spin-coating the triple cation perovskite precursor solution followed by the deposition of a thick [6, 6]-Phenyl C61 butyric acid methyl ester (PCBM) layer as ETL. Finally, BCP and Ag layers were successively evaporated on the PCBM layer.

Characterization

The morphologies of NiOx NCs and perovskite samples were observed by field-emission scanning electron microscopy (FESEM, 10 kV). The crystal structure was examined by X-ray Diffraction (XRD, Panalytical X'pert Pro) with a Cu Kα source. The photovoltaic J-V measurement was performed under a solar simulator (500 W Model 91160, Newport) with an AM 1.5 spectrum to simulate a full sun intensity (100 mW/cm2). The IPCE was elucidated by a specially designed IPCE system for solar cells by PV Measurements, Inc., USA. The calibration of the system was done using a NIST-calibrated a silicon photodiode G425 as the standard before every IPCE. The IPCE results of the PSCs were collected as a function of wavelength from 300 to 900 nm using a 75 W Xe lamp as a light source for generating monochromatic beam at a low chopping frequency. Electrochemical Impedance Spectroscopy (EIS) was recorded at 0.7V bias on a CHI660E electrochemical workstation under a frequency range from 100 kHz to 0.1 Hz. The equivalent circuit models were used to analyze the impedance spectra.

RESULTS AND DISCUSSIONS

Figure 1A displays the X-ray diffraction (XRD) pattern of the NiOx NCs with the diffraction peaks at 2θ = 37.2, 43.3, 62.7, 75.4, and 79.4°, which match well with the cubic NiOx (PDF No. 01-078-0429). Then, the XRD pattern of the triple cation perovskite deposited on the ITO-coated glass substrates (Figure 1B) showed all characteristic diffraction peaks according to the literature [5].
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FIGURE 1. XRD patterns of the (A) NiOx NCs and (B) triple cation perovskite.



The surface morphology of a NiOx film prepared on a glass/ITO substrate was investigated by SEM as shown in Figure 2A. A NiOx thin film with uniform particle size completely covered on the substrate surface. Perovskite films with low crystal defects and good crystallinity were deposited on NiOx HTL by the one-step method as shown in Figure 2B. Figure 2C is a cross-sectional SEM image of a perovskite solar cell showing the deposition of each layer of the device.
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FIGURE 2. SEM images of the (A) NiOx NCs, (B) the perovskite, and (C) the cross sectional SEM image of the inverted planar perovskite solar cell.



The triple cation Cs0.08(MA0.17FA0.83)0.92Pb(I0.83Br0.17)3 perovskite solar cells were fabricated using BCP as a buffer layer. For comparison, a PSC device was fabricated without BCP layer. Figure 3A shows the architecture of the fabricated device. We used a planar heterogeneous structure to assemble the PSCs. Compared with the mesoporous structured PSCs, the planar heterogeneous structure was prepared with relatively simple preparation process. Energy level diagram for each layer of the device are depicted in Figure 3B, in which the energy levels are obtained from the published works [18, 19].
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FIGURE 3. Schematic diagrams of (A) The device structure of ITO/NiOx/Perovskite/PCBM/BCP/Ag; and (B) the band energy diagrams for the inverted structured perovskite solar cell.



Four groups of controlled experiments were set up by controlling the thermal evaporation time: 0, 32, 36, and 40 s, respectively. Their scan J-V curves under simulated solar light are shown in Figure 4A. In addition, the detailed photovoltaic parameters of the J-V curves are summarized in Table 1. From the J-V curves, it could be seen that the thermal evaporation time of BCP significantly affected the performance of PSCs. As the evaporation time increased, the power conversion efficiency (PCE), short-circuit current density (JSC), open-circuit voltage (VOC), and fill factor (FF) of the PSCs increased first and then decreased (Figures 4C,D). When the evaporation time is 36 s, the photovoltaic parameters of PSCs were optimum: PCE = 14.47%, JSC = 21 mA/cm2, VOC = 1.051 V, and FF = 67%, the J-V curve of which is shown in Figure 4B. It is known that the FF and JSC values are closely related to the series and parallel resistance of the device. Therefore, with the prolonging of the evaporation time, the device performance changes may be due to the changes in series and shunt resistances.


[image: image]

FIGURE 4. (A) J-V curves under the AM 1.5 G simulated sunlight illumination (100 mW/cm2) for the inverted planar perovskite solar cells with different BCP evaporation times; (B) J-V curves of the best performance of the PSCs with BCP evaporation time 36 s; Changes of the (C) open-circuit voltage (VOC) and short-circuit photocurrent density (JSC), (D) fill factor (FF) and power conversion efficiency (PCE) at different BCP evaporation times.




Table 1. The photovoltaic parameters of the perovskite solar cells with varying BCP evaporation times.
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There are different contact mechanisms between metal and semiconductor [20]. Introducing the BCP as the buffer layer between the PCBM and Ag layers was mainly to change the contact mode between the electron transport layer and the metal layer. When there was no steaming-plating BCP, the PCBM layer of the device was directly contacted with the Ag layer. The difference in Fermi energy levels created a built-in field, resulting in the band of semiconductors at the interface being bent to form the Schottky barrier. The presence of a barrier resulted in a large interface resistance and caused charge accumulation at the interface, so the device performance was somewhat poor. When the evaporation time was between 0 and 36 s, the thickness of BCP slowly increased, which intervened between the PCBM and Ag layers to hinder their mutual contact, and then made the original Schottky barrier lower with reduced interfacial resistance. Finally, the interface contact mechanism was changed from Schottky contact to Ohmic contact. As shown in Figure 4A, the performance of the batteries gradually increased and reached the championship level in the evaporation time of 36 s when a good Ohmic contact was established among the PCBM/BCP/Ag layers. However, with the continuous deposition of BCP after 40 s, the migration distance of electrons from the PCBM layer to the Ag layer became longer, increasing the recombination of the carriers and leading to the sharp drop of the device performance.

Furthermore, Figure 5 shows the electrochemical impedance spectra (EIS) of PSCs with different evaporation times (The inset shows the equivalent electronic circuit used to fit the experimental data). RS represents the series resistance of the device. R1 is the resistance related to diffusion of holes through the hole transporting material (HTM) with capacitance. The recombination resistance Rrec is associated with the interface of the perovskite and PCBM/BCP/Ag layers, which is inversely proportional to the recombination rate [21]. From Figure 5 and Table 2, it can be seen that when the evaporation time of BCP is 0 s, the perovskite solar cell has the largest series resistance RS and the smallest recombination resistance Rrec. With the increase of evaporation time, the series resistance (RS) of the device gradually decreases and the recombination resistance (Rrec) gradually increases. This shows that the contact mechanism between PCBM and Ag is changed from the Schottky contact to the ohmic contact. In addition, the minimum series resistance (RS) and the maximum composite resistance (Rrec) are achieved at the PCBM/BCP (36 s)/Ag interface. In other words, when the evaporation time is 36 s, the device performance is also optimal, as shown in Table 1. However, with the continuous deposition of BCP after 40 s, the migration distance of electrons from the PCBM layer to the Ag layer became longer, leading to increased series resistance (RS) and reduced recombination resistance (Rrec) and resulting in the sharp drop of the device performance. In other words, vapor-depositing the BCP layer in the devices improved the interfacial contact between the PCBM and Ag layers, thereby allowing the cell to possess low recombination rate [22]. This exactly coincides with the test results of the above J-V curves and the analysis of the effect mechanism of BCP.
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FIGURE 5. Nyquist plots of the PCBM/Ag and PCBM/BCP/Ag based PSCs at 0.7 V bias under dark (The inset shows the equivalent electronic circuit used to fit the experimental data).




Table 2. The series resistances RSand the recombination resistance Rrecvalues of the perovskite solar cells with varying BCP evaporation times.
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The performance of the PSCs was further investigated in terms of the IPCE efficiency to explain the light harvesting, charge collection, and photocurrent in devices. Figure 6 shows the IPCE plots of the PSCs with the PCBM/Ag and PCBM/BCP (36 s)/Ag thin films. Based on the IPCE results, the integrated JSC from the IPCE curve was 17.3 mA/cm2 for PCBM/Ag and 18.3 mA/cm2 for PCBM/BCP (36 s)/Ag. The JSC obtained by integration of the IPCE spectra was relatively in good agreement with the JSC obtained from the J-V measurement for the PCBM/Ag and PCBM/BCP (36 s)/Ag PSCs. The higher IPCE in the PCBM/BCP (36 s)/Ag structure is attributed to that the involvement of the BCP layer reduces the probability of carrier recombination at the interface of the device.
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FIGURE 6. IPCE spectra of the PSCs and the integrated current densities obtained from the corresponding IPCE spectra.



CONCLUSIONS

In summary, BCP could be used as the interface engineering material between the PCBM and Ag layers to improve the performance of triple cation Cs0.08(MA0.17FA0.83)0.92Pb(I0.83Br0.17)3 perovskite solar cells. When the evaporation time was optimized, BCP enabled to establish ohmic contact between the PCBM/BCP/Ag layers and reduce the series resistance of the device to improve the cell performance, yielding a best device PCE of 14.47% by evaporating for 36 s.
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