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Abstract

:

Perovskites have already shown potential as active layers in photovoltaic applications. Furthermore, a low-cost and simple solution processing technology allows perovskites to be used in flexible and printed electronics. Perovskite solar cells (PSC) with a back-contact (BC) structure, in which the electrode system is based on a quasi-interdigitated back-contact (QIBC) design, promise to increase the power conversion efficiency (PCE) of devices beyond those that can be obtained using PSCs with a traditional sandwich structure. While the spin-coating technique is used to deposit the perovskite layer of lab-scale BC PSCs, the application of large-area printing techniques to deposit the perovskite layer of such devices is yet to be explored. Therefore, this work demonstrates an application of the slot-die coating technique to print the perovskite active layer of BC PSCs with QIBC electrodes on flexible polymer substrates. The morphology of the obtained perovskite films on QIBC electrodes are investigated and the primary photoelectric parameters of the resulting BC PSCs are measured. The charge carrier recombination processes in the fabricated BC PSCs are investigated and the dominant mechanism for carrier loss in the devices is determined. The findings of the work give an insight into the properties of the slot-die-coated perovskite active layer of BC PSCs and points to exciting new research opportunities in this direction.
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1. Introduction


In recent years, perovskites—compounds that have an ABX3 crystal structure, in which “A” is an organic and/or inorganic cation, “B” is a bivalent metal cation, and “X” is an anion—have attracted a significant interest in the field of optoelectronics due to their excellent material properties [1,2,3]. One of the most studied perovskites for optoelectronic applications is methylammonium lead iodide (MAPbI3). This is due to high light absorption [4,5], low exciton binding energy [6], and optimal band gap (1.55 eV) [7,8,9] of MAPbI3, which makes it well-suited for use in solar energy conversion devices. In addition, the manufacturing of perovskite solar cells (PSCs) is relatively simple and cost-effective, and the obtained devices are highly efficient [10,11]. Currently, the highest obtained power conversion efficiency (PCE) for PSCs is about 25.7% [12].



Typically, PSCs are fabricated on rigid glass substrates [13,14]. This is due to the high-temperature processing requirements of inorganic semiconductor materials to prepare the device functional layers (e.g., the electron and hole-transporting layers (ETLs and HTLs) and the metallic contacts). Recent advances in obtaining inorganic device functional layers at low processing temperatures (<150 °C) [15] have enabled the fabrication of PSCs on flexible polymer substrates. (e.g., polyethylene terephthalate (PET), polyethylene naphthalate (PEN), etc.) [16]. The use of flexible substrates in combination with the possibility of solution processing of some or all device functional layers has led to significant advancements in manufacturing of PSCs [17,18,19]. This allows for a cost-effective and simple manufacturing process to scale-up the production of PSCs [20,21].



Slot-die coating is a promising technique for solar cell production as it provides a simple and fast deposition of uniform and continuous thin films of solution-processed materials with various structures and viscosities [15,16]. Thin films can be deposited both on rigid and flexible substrates, employing sheet-to-sheet as well as roll-to-roll coating modes [21]. This allows the high-speed production of printed devices at lower manufacturing costs, which makes it an attractive technique for the commercial production of PSCs and other optoelectronic devices [22]. In recent years, the fabrication of slot-die-coated PSCs has improved significantly, reaching PCEs of over 20% in devices [23].



The architecture of solar cells is also evolving. The so-called “sandwich” structure is the most employed structure of devices in PSCs. The device functional layers (perovskite active layer, ETL, HTL, and metallic contacts) are deposited sequentially in this type of devices, resembling a sandwich-like structure [24]. Another more promising device structure for PSCs is the back-contact (BC) structure and the corresponding devices are referred to as BC PSCs [25]. Here, the entire electrode system of devices is placed on only one side of the perovskite active layer. This reduces transmission losses in devices and promises to result in higher PCEs [25].



In 2016, a new design for BC electrodes, which are referred to as quasi-interdigitated back-contact (QIBC) electrodes, was proposed by Jumabekov et al. to fabricate BC PSCs [26]. The QIBC design of the electrode system of BC PSCs is found to be an effective and relatively easy-to-manufacture when compared to other BC electrode designs proposed by other groups [27]. Here, a microfabricated anode layer is placed on top of a continuous cathode layer (or vice versa), while the perovskite active layer is deposited over the whole electrode system. The advantage of the QIBC design is that it affords a wider optical response range in BC PSCs and the issue of light transmission losses in the device functional layers, which is inherent in PSCs with sandwich structures, is eliminated, since the incident light enters the perovskite layer of BC PSCs directly [28]. Additionally, the back-contact structure in PSCs allows for the prefabrication of the electrode system prior to deposition of the perovskite active layer, which is convenient for their long-term storage and transportation. Once fabricated, the perovskite active layer can be deposited on the BC electrode system at any time, using various deposition methods such as spin-coating, printing, thermal evaporation, etc. Currently, only a few studies have demonstrated the ability to manufacture flexible solar cells with back-contact structures and the highest reported PCE (~11%) was obtained in BC PSCs employing the QIBC design for the BC electrode system [29]. The reported works in the literature use the spin-coating technique to deposit the perovskite layer of flexible BC PSCs. However, this technique restricts the upscaling of the device manufacturing process [30]. The slot-die coating technique, on the other hand, is a widely used technique for printing of large-area flexible PSCs and is suitable for scale-up manufacturing. Thus, combining printing techniques for flexible substrates with BC electrodes for PSCs may improve the device functionality while simplifying the manufacturing process.



In this work, BC PSCs were fabricated by depositing the perovskite active layer on the prefabricated QIBC electrodes on flexible substrates using the slot-die coating technique. The surface morphology of the prepared electrode system and the printed perovskite active layer were investigated. The main photoelectric parameters of the obtained flexible quasi-interdigitated back-contact perovskite solar cells (PFQIBC PSCs) were investigated and the dominant recombination mechanism for carrier loss in the devices was determined.




2. Materials and Methods


2.1. Materials


PET substrates with a patterned indium-tin oxide (ITO) layer (thickness of PET~125 μm, ITO~150 nm; sheet resistance: 48 Ω/sq) were purchased from Mekoprint (Stovring, Denmark). Acetone and lead (II) iodide (PbI2, 99.0%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methylammonium iodide (MAI) (CH3NH3I, 99.99%) was purchased from Greatcell Energy (Perth, W.A., Australia). Methylamine solution (MA, in absolute ethanol 33 wt.%) and acetonitrile (ACN, 99.8%) were purchased from Merck (St. Louis, MO, USA). AZ 726 MIF developer and AZ 1518 photoresist were purchased from Microchemicals GmbH (Ulm, Germany).




2.2. Device Fabrication


The PET/ITO substrates were cleaned for 15 min in an ultrasonic bath with detergent, deionized water, acetone, and ethanol. A 30 nm SnO2 layer was deposited as the ETL on the substrates using the radio frequency magnetron sputtering technique (Spectros, Kurt J. Lesker, Jefferson Hills, PA, USA). Then, a sacrificial polymer mask for the second electrode was created through a photolithography process, in which a positive photoresist layer was spin-coated at 4000 RPM for 30 s, baked for 2 min at 110 °C, and exposed to UV light (400 nm, 210 mJ/cm2) using a SUSS MicroTec (Garching, Germany) MA/BA Gen4 mask aligner and a photomask. The exposed areas of the photoresist layer were then removed by rinsing the substrates in a developer solution (AZ 726 MIF mixed with water, 3:1) for 30 s. Finally, the substrates were rinsed in water.



The second electrode was fabricated on the substrates through a sequential deposition of an Al2O3 insulating layer (100 nm), a chromium layer (10 nm), and a gold layer (70 nm) using an electron beam evaporator (Nexdep PVD, Angstrom Engineering Inc., Kitchener, Canada). The thickness of the layers was controlled using a crystal quartz monitor during the deposition process, and was confirmed using a profilometer (Dektak XT Stylus Profiler, Bruker, Billerica, MA, USA). The gold layer of the second electrode serves as the metallic contact of the anode layer. After, the remainder of photoresist was removed from the substrates by rinsing them with acetone (the lift-off process), resulting in QIBC electrodes ready to use for the fabrication of PFQIBC PSCs. It should be noted that the QIBC electrode system for PFQIBC PSCs does not have the HTL, i.e., hole extraction in devices relies on a Schottky junction between the perovskite layer and the gold layer of the QIBC electrode system. The detailed process of electrode fabrication is depicted in Figure S1 in the Supplementary Materials. A photo-image of the prefabricated QIBC electrodes on the PET/ITO substrate is shown in Figure 1.



The final step in the PFQIBC PSC fabrication process is the deposition of the perovskite photoactive layer using the slot-die coating technique. The MAPbI3 precursor inks were prepared by dissolving 1 mol of MAI (159 mg) and PbI2 (461 mg) in 0.7 mL of MA and 0.7 mL of ACN [31]. The MAPbI3 layer was slot-die coated on the freshly prepared QIBC electrodes using a slot-die coater (Vector, FOM Technologies, Copenhagen S., Denmark). The ink pump rate and the coating speed of the perovskite layer were 0.15 mL/min. After the deposition of the perovskite layer, the substrates were annealed at 100 °C for 10 min. The schematic representation of the slot-die coating process of the perovskite active layer, photo image of the slot-die coating process, and fabricated devices are shown in Figure 2a–c, respectively. The deposition of the perovskite layer and all measurements were carried out in ambient conditions without changing the parameters during the measurements.




2.3. Device Characterization


The surface images of the electrodes and perovskite layer were obtained with a scanning electron microscope (Crossbeam 540, Zeiss, Jena, Germany). AFM measurements were conducted using an Atomic Force Microscope SmartSPM 1000 (SmartSPM 1000, AIST-NT, Novato, CA, USA). The crystal structure of the perovskite layers was examined using an X-ray diffractometer (XRD, SmartLab Rigaku, Austin, TX, USA) with a Cu Kα = 1.5418 Å X-ray beam. The photoluminescence (PL) spectra of the printed perovskite films were analyzed using a spectrometer (FLS 1000, Edinburgh Instruments, Livingston, UK) with a 405 nm laser. The absorbance spectra of the printed perovskite films were measured using a UV-vis-NIR spectrophotometer (Lambda 1050, Perkin Elmer, Waltham, MA, USA). The active area of the devices was 0.04 cm2 and corresponded to the area of the QIBC electrodes (see red rectangle in Figure 1). This was measured and confirmed (see Figure S2 in Supplementary Materials) for all tested devices using a photocurrent mapping system (LBIC, InfinityPV ApS, Jyllinge, Denmark). The J-V curves were measured in ambient conditions under AM1.5G solar irradiation at 100 mW/cm2 using a solar simulator (ORIEL Sol3A, Newport, Irvine, CA, USA) and a parameter analyzer (B1500A, Keysight, Santa Rosa, CA, USA). The open-circuit voltage decay (OCVD) was measured using a potentiostat/galvanostat system (Autolab PGSTAT302N, Metrohm, Herisau, Switzerland).





3. Results and Discussions


The quality of the slot-die-coated perovskite films on PET was checked using XRD, PL, and UV-Vis transmittance measurements. The XRD pattern of a freshly prepared MAPbI3 perovskite film shows that the film is crystalline and the perovskite material has a tetragonal phase [10]. The XRD pattern of the measured perovskite film indicated the presence of a small amount of PbI in the bulk of the film (see Figure S3 in Supplementary Materials). This could be due to unreacted PbI precursor or some degradation of the film during the measurements [10]. Figure 3 shows the measured spectra for PL emission and UV-vis-NIR absorbance in a slot-die-coated MAPbI3 film. The position of the PL peak maximum indicates that the band gap of the MAPbI3 is 1.59 eV, which is consistent with the band gap of the tetragonal phase MAPbI3 at room temperature [4].



While the quality of the perovskite active layer has a significant impact on the photovoltaic parameters of solar cells, the anode and cathode layers are critical in the transport of charge carriers. Therefore, the changes in the morphology of these layers during fabrication of QIBC electrodes were investigated. Figure 4 depicts the SEM and AFM images of the surface morphology of the SnO2 ((a) and (d)), Au ((b) and (e)), and the top view of the QIBC electrode system prior to the deposition of the perovskite layer ((c) and (f)), respectively.



The SnO2 and Au layers have root mean square (RMS) values of 12.9 and 23.4 nm, respectively, and were estimated using an atomic force microscope (AFM). This indicates that the anode and cathode layers are smooth without any significant defects (Figure 4d,e). The SEM images also confirm the good quality of the anode and cathode layer, which are free of pinholes and defects (Figure 4a,b). The fabricated QIBC electrodes were also of good quality as there were almost no defects after the lift-off process and the top electrode features were not broken (Figure 4c,f).



The surface morphology of a slot-die-coated perovskite layer on top of a flexible QIBC electrode system on PET/ITO was examined using the AFM and SEM techniques. Figure 5 shows that the perovskite layer completely covers the surface of the electrodes (Figure 5a,d). The roughness value of the perovskite film appears slightly more than that of the HTL (RMS = 23.9 nm). Furthermore, the presence of small crystallites is noticeable, which could be attributed to the perovskite film deposition process. Regardless of this, the perovskite layer appears to coat the surface of the QIBC electrodes evenly (Figure 5c). The observed wavy concavity pattern on the AFM image shown in Figure 5f is due to the texture of the QIBC electrodes.



Figure 6 depicts the measured current density-voltage (J-V) characteristic curves of an experimentally obtained PFQIBC PSC. The J-V curves indicate that the tested device has a low hysteresis index value of 0.22. (See Figure 6). The open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF) and PCE of the device extracted from the J-V curves are shown in Table 1. The prepared devices did not show a visible sign of degradation after storing them in a dry nitrogen atmosphere for the duration of 1 month. However, a comprehensive study to assess the stability of the prepared devices [32,33] was not conducted within the scope of this work.



In order to gain some understanding of the performance limitations in the fabricated PFQIBC PSCs, devices with a sandwich structure (see Figure S4 in Supplementary Materials) were also fabricated using the same deposition parameters for the functional layers of devices. Figure S4 and Table S1 in the Supplementary Materials present the J-V curves and main photovoltaic parameters of the device. Compared to the PFQIBC PSC, the device with the sandwich structure exhibited a slightly lower Voc, but comparable FF values. The Jsc of the sandwich device, on the other hand, was significantly higher than the Jsc of the PFQIBC PSC device. Due to this, the PCE values of the sandwich device were also higher than that of the back-contact structure. This major difference in the Jsc of sandwich- and back-contact-structured devices is because in the former, the photo-generated charge carriers, in general, move in a ‘vertical’ direction along the thickness of the perovskite layer to reach their respective charge collecting layers (SnO2 and Au in this work). A typical thickness of the perovskite layer in most sandwich-structured devices is around 0.5 µm. This is the maximum distance that the photo-generated charge carriers must travel to reach their respective carrier collecting layers. We note that a value of 0.5 µm is comparable to the value of diffusion length of charge carriers in most perovskite films obtained using typical deposition techniques in PSC fabrication. As for PSCs with a back-contact structure, charge carriers need to move in both ‘vertical’ and ‘lateral’ directions within the perovskite layer to reach their respective carrier-collecting layers. In our case, the maximum distance that charge carriers have to travel within the perovskite layer to reach their respective charge collecting layers is around 2 µm. This length is significantly larger than the carrier diffusion length in typical perovskite films. Hence, the recombination rate of charge carriers in the back-contact-structured devices reported within this work is expected to be high when compared to devices with sandwich structures. This is evident in our findings, in which the Jsc of the sandwich structured device was a factor of 4.8 higher than the Jsc of the back-contact-structured device (see Table 1 and Table S1 in Supplementary Materials). To mitigate the low Jsc issue in back-contact PSCs, carrier diffusion length in the perovskite layer must be comparable or larger than the maximum distance that the photo-generated charge carriers must travel to reach their respective charge collecting layers [26]. This can be achieved by increasing the average size of the perovskite layer crystallites and ensuring the low concentration of defects within the bulk and surface of the perovskite active layer [34].



Open-circuit voltage decay measurements were performed to analyze the changes in Voc and the dominant recombination losses in the devices. Figure 7a shows the Voc decay curve for a PFQIBC PSC. The Voc of the device decays almost completely within 10−2 s. The relationship between the carrier recombination lifetime (τ) and the Voc decay under a high carrier excitation condition is described by the following expression [35,36]:


  τ = −   k T  q        ( d  V  o c   )   d t       − 1    



(1)







Here, k is Boltzmann’s constant, T is the absolute temperature, and q is the unit charge.



The inset in Figure 7a depicts the calculated τ as a function of time. It indicates that τ gradually increase with time, indicating that one recombination mechanism is dominant in the studied interval after the illumination is turned off [37]. Figure 7b shows an analysis of the recombination lifetime of the device in relation to the open-circuit voltage. The results indicate that the recombination lifetime at higher voltages (Voc > 0.15 V) decays more quickly than it does at lower voltages (Voc < 0.15 V). This may be due to the presence of traps in the perovskite layer and the discharge of charge carriers at lower voltages. The next step involves identifying the dominant recombination mechanisms and gaining insights into their relative contributions to the total recombination loss. The effective recombination index (β) can be determined from expression (2) and is presented as [37,38]:


  β = 1 +   k T  q    d ln  τ  − 1     d  V  o c      



(2)







The inset graph in Figure 7b shows the dependence of β on Voc. An almost unchanged value (~1) for β indicates that the Shockley–Read–Hall (SRH) recombination is the dominant mechanism contributing to the carrier loss in the tested PFQIBC PSC [37].



Since the perovskite layer deposition was completed in an ambient condition employing rapidly evaporating solvents (MA and ACN), the process of crystallization and growth of the perovskite film is difficult to control. As a result, highly polycrystalline perovskite films are obtained. Such perovskite films have many defects, particularly internal defects [39]. In our case, the dominant type of recombination loss is SRH recombination, which is due to traps forming internal defects. Internal or point defects in a semiconductor are classified as atomic vacancies, interstitial atoms, and substitutional atoms [39,40]. The ideal structure of MAPbI3 has 12-point defects: MA, Pb, and I vacancies; MA, Pb, and I interstitials; and six substitutions which are MAPb, PbMA, MAI, PbI, IMA, and IPb [39,41]. The defects listed above create energy levels in the band gap and act as recombination centers. In addition to point defects, grain boundaries, which are also the recombination centers, have a considerable effect on the performance of devices [42,43]. The factors outlined above play a crucial role in the generation and collection of charge carriers by electrodes. In our particular case, it is highly probable that there are many defects at the grain boundaries. These defects could have resulted in imperfections on the surface of the perovskite active layer and a reduction in the efficiency of the device by impeding the movement of charge carriers, especially in the lateral direction. Therefore, it is necessary to minimize the concentration of defects for the optimal performance of devices. It is noteworthy that the PCE of PFQIBC PSCs is also hindered by the utilization of the Schottky junction at the perovskite/gold interface as the extraction of holes form the perovskite layer. While PSCs employing Schottky junctions have shown some promising results, they have not yet reached the same PCE levels as those employing perovskite/HTL junctions. The highest reported PCEs for PSCs with Schottky junctions typically range from 9% to 11% [44,45], whereas PSCs with perovskite/HTL junctions can achieve PCEs exceeding 25% [12]. One reason for this is that the metal layer can act as a recombination center for charge carriers, reducing the overall efficiency of devices [28]. Additionally, the Schottky junction can introduce an additional resistance, lowering the fill factor and overall PCE of devices. One way to improve the performance of PSCs with Schottky junctions is to use molecular interlayers that can improve the surface property of the perovskite layer at the metal/perovskite interface and can also alter the work function of the metal, which can help to increase the Voc of devices [46]. Ultimately, PSCs with Schottky junctions have the potential to be a low-cost and scalable alternative to PSCs with perovskite/HTL junctions.



Overall, it can be suggested that to increase the PCE of PFQIBC PSCs, it is necessary to obtain high quality perovskite active layers in devices [25,27]. We note that this is not a trivial task to accomplish even with the spin-coating technique that is commonly used to fabricate lab-scale PSCs [10,28,34]. Hence, using printing techniques (e.g., slot-die coating) to deposit high-quality perovskite films with large crystallites, reduced grain boundaries, and fewer defects can be rather challenging. This can be further complicated by conducting the printing processes in ambient conditions with uncontrolled humidity and temperature as it was in this work. On top of that, the textured nature of QIBC electrodes is another major hurdle that can prevent the deposition of high-quality perovskite films using printing techniques. Considering this, it is anticipated that the performance of back-contact PSCs with a printed perovskite photo-active layer might be low at this initial stage. Thus, a further optimization of both the back-contact electrode fabrication and printing processes is required to increase the PCE of PFQIBC PSCs. Nevertheless, these are intriguing and exciting new research challenges that need to be addressed to bring the PSC technology to its industrial and commercial level production. There are several ways to achieve this. First, this can be completed by employing more complex and advanced perovskite materials beyond MAPbI3, which are more stable and have suitable electronic properties [47,48]. Second, regarding the printing techniques, improvements can be implemented by employing a variety of slot-die printing methods that utilize anti-solvent [49,50] and air-knife [51] quenching strategies to deposit high-quality perovskite films. An additional boosting of the quality of slot-die-coated perovskite films is possible using various passivating agents and additives [52], coatings [46], and interlayers, which can be extremely useful in increasing the stability of the films in addition to their role in reducing recombination losses in the perovskite layer and at the HTL/perovskite and ETL/perovskite interfaces. Finally, the use of anti-reflective coatings on top of the perovskite layer in BC PSCs can help to increase the light harvesting ability of devices and help to boost their Jsc [53]. A successful realization of these strategies promise to enhance the performance of back-contact PSCs to a desired level and pave the way for their effective and timely application in energy conversion technologies [54].




4. Conclusions


In conclusion, the fabrication of printed flexible quasi-interdigitated back-contact perovskite solar cells using the slot-die coating technique has been demonstrated. AFM and SEM techniques were used to investigate the surface morphology of functional layers and the quality of fabricated QIBC electrodes. The photovoltaic parameters of the fabricated PFQIBC PSCs were determined from the J-V curves. Based on open-circuit voltage decay measurements, it was determined that the Shockley–Read–Hall recombination mechanism is the primary recombination pathway for carrier loss in devices. The experimental findings indicate that the quality of the perovskite active layer needs to be optimized to further improve the performance of FQIBC PSCs. These findings could be applied to the development of multifunctional optoelectronic devices, as well as flexible and portable electronics for energy applications and other emerging technologies such as IoT technology.
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Figure 1. A photo-image of prefabricated QIBC electrodes on PET/ITO substrate. 
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Figure 2. (a) Schematic representation of the perovskite layer fabrication process for PFQIBC PSCs; (b) and (c) are the photo-images of the slot-die coating process and fabricated devices, respectively. 
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Figure 3. Absorbance and photoluminescence spectra of a printed perovskite film on PET substrate. 
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Figure 4. SEM top view and AFM images of the SnO2 layer (a,d), Au layer (b,e), and the QIBC electrode system (c,f). 
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Figure 5. SEM top view and AFM images of a perovskite film on the ETL layer (a,d), HTL layer (b,e), and the QIBC electrodes (c,f), respectively. 
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Figure 6. J-V curves of a PFQIBC PSC under AM1.5G solar irradiation. 
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Figure 7. (a) Open-circuit voltage decay; the inset shows the recombination lifetime (τ) as a function of time. (b) τ vs. Voc; the inset shows the dependence of β on Voc. 
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Table 1. The photovoltaic parameters of a PFQIBC PSC under AM1.5G solar irradiation.
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	Scan Direction
	Voc, V
	Jsc, mA/cm2
	FF, %
	PCE, %





	Reverse
	0.44
	1.24
	34
	0.18



	Forward
	0.46
	0.98
	33
	0.14
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