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Abstract

:

In recent years, perovskite solar cells have achieved high efficiency in small areas, but the industrialization of perovskite solar cells is still hampered by the efficiency loss of cells during area scaling. Series modules are currently the most widely used and effective modular process for perovskite solar cells, a process that requires the patterning of the layer stack in individual cells. This interconnection scheme consists of three lines, P1–P3, which are ablated using a pulsed laser beam. In this work, we developed an efficient perovskite module with a high geometric fill factor (GFF) based on a two-step spin-coating method by optimizing the laser ablation step. We constructed the entire device structure by means of a picosecond green pulsed laser, meanwhile, the dead area is greatly reduced by optimizing the parameters and process, and finally achieving an ultra-high GFF of over 99%. In addition, we investigated the effect of poor P2 and P3 ablation on the perovskite solar modules and compared the performance of the module before and after ablation optimization. We finally obtained a maximum photoelectric conversion efficiency of 22.79% with an aperture area of 12.6 cm2. Concurrently, we conducted electrocatalytic hydrogen production experiments on the prepared perovskite solar modules, and the experimental results have also shown excellent performance and good prospects.
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1. Introduction


The rapid development in the efficiency of hybrid perovskite solar cells (PSCs) over the past decade has made this emerging photovoltaic (PV) technology a promising PV technology for the PV market [1,2,3]. In addition, it has a broad prospect in solar photovoltaic power generation, photoelectric catalysis, and electrolytic water hydrogen production. As a next step, it is to be manufactured on a module scale to meet commercialization requirements for further practical applications [4,5]. The area of perovskite solar modules (PSMs) and their efficiency and stability improvements have recently become an intense area of research for major groups and companies. In the past decade, the photovoltaic conversion efficiency (PCE) of small cells with an effective area of 0.1 cm2 has soared to 25.8%, which is comparable to the efficiency of other popular types of solar cells [6,7,8]. With the outstanding efficiency of small-area devices, research efforts are gradually shifting to other important issues that need to be addressed for commercialization, such as scalability and stability.



In general, perovskite solar modules (PSMs) have the same functional layers as perovskite solar cells (PSCs), including transparent conducting oxide (TCO) substrates, charge (electron and hole) transport layers, perovskite layers, and metal electrodes [9]. However, it is impractical to construct PSMs in the same form as PSCs due to the non-negligible increase in square resistance of TCO over long distances. To minimize current losses, PSMs can be fabricated by connecting isolated neighboring sub-cells in series or parallel to form modules [10].



In recent years, researchers have made many advances in addressing the scientific and technical challenges of developing efficient and stable PSMs [11,12,13]. Typically, the most important challenge is to reduce efficiency losses as the device area increases from the cell level to the module scale [14]. The efficiency difference between small-area devices and large-area modules is usually attributed to the following: (1) poor module current collection due to increased series resistance, resulting in significant current losses [15]; (2) reduced parallel resistance of module devices due to uneven coating of the perovskite absorbing layer and other interface layers [7]; (3) poor contact in the interconnection region of individual sub-cells in module fabrication and laser scribing process unavoidable dead areas [16]. Currently, the main module interconnection manufacturing methods are series and parallel methods. Series-connected micromodules can produce a high total voltage proportional to the number of sub-cells, while their photocurrent is limited by the photocurrent of individual sub-cells [17]. In contrast, parallel-connected micromodules can produce a high total current equivalent to the sum of sub-cells and a low photovoltage equivalent to that of a single sub-cell [18]. Since the current loss of the transparent conducting electrodes is more severe, the low current of the series method can reduce the loss, while the parallel method generates more loss, and the more efficient series method is now mainly used. Thus far, most of the reported PSMs for perovskite modules have been based on series-connected designs [19], in which the module is divided into several strips of sub-cells, and the neighboring sub-cells are connected by an interconnection region consisting of P1, P2, and P3 lines formed by a laser process [20]. These three lines must be parallel to each other to avoid unnecessary mutual interference. The proper safety distance between the three lines and the proper width of each line is also important to achieve the desired functionality and to avoid undesired leakage or losses [21,22]. In PSMs based on a series configuration, P1 lines are typically drawn on the TCO substrate to isolate adjacent sub-cells and to plan all areas of the entire cell before depositing the charge transport and perovskite layers [23]. After depositing the electron transport layer, the perovskite layer, and the hole transport layer, a laser is used to completely remove the entire area of the charge (electron or hole) transport layer/perovskite/charge (hole or electron) transport layer, while ensuring that the TCO substrate is not damaged. Since the P2 line is the channel that creates the series electrical connection from the top metal electrode of one sub-cell to the bottom TCO electrode of an adjacent sub-cell after depositing the top electrode, it is important to obtain a clean P2 line with the proper width to ensure good ohmic contact between the top electrode and the TCO substrate [21]. In some cases, when ultra-thin charge transfer layers with high conductivity are used, the bottom charge transfer layer is allowed to remain on the TCO substrate in the P2 channel due to the limited resistance loss [24,25,26]. After the vaporization of the metal electrodes is completed, P3 lines are ablated on the top metal electrodes to isolate the adjacent sub-cells. Finally, the laser P4 process is used to clear the edges to obtain series-connected perovskite solar modules [27,28]. It is important to note that the P1–P2–P3 interconnection area is called the “dead area”, i.e., the inactive area that does not participate in module power generation. To increase the total power generation for a given module area, the P1–P2–P3 interconnection area should be minimized to increase the ratio of the active power generation area to the total aperture area. This ratio is defined as the geometric fill factor (GFF) and it can be calculated as a percentage of the active area/total aperture area. The ultimate goal of the laser process is to increase the GFF without compromising efficiency; thus, obtaining a perovskite module with the smallest dead area [29,30].



Nowadays, with the increasing maturity of PSCs, photovoltaic power generation is only one part of the process. We need to explore and practice more application directions to bring new opportunities for the development of PSCs. Hydrogen has been hailed as the “ultimate energy” to control the rising temperature of the earth and solve the energy crisis in the 21st century [31]. Hydrogen can effectively compensate for the poor storage capacity of electrical energy and support the development of a high proportion of renewable energy [32].



The hydrogen energy industry is developing rapidly and has been commercialized in the field of hydrogen fuel cell vehicles [33,34]. Hydrogen production by electrolysis of water from renewable energy sources has a purity of 99.999% and can be directly applied to fuel cell vehicles after a simple drying process, saving the cost of hydrogen production from fossil energy sources and the high energy-consuming purification of hydrogen by-products. Hydrogen production by water electrolysis, especially through renewable energy generation, can not only achieve a green and clean life cycle but also expand the scope of renewable energy utilization. To meet the new demand for hydrogen energy in mass transportation, there is an urgent need to develop clean power water electrolysis hydrogen production technology.



In recent years, PSMs have seen relatively rapid development with some exciting results. In 2015 Qiu et al. [35] achieved an efficiency of 10.4% on an area of 10.1 cm2 using a scraping method, while they also tried it on an area of 100 cm2 but the efficiency decayed to 4.3%; this was the first time that the difficulty of area scaling for PSCs was recognized. After this, researchers mainly focused on small-area PSMs (< 100 cm2). In 2017, Agresti et al. [36] achieved an efficiency of 12.6% on an area of 50.6 cm2 using spin-coating, and the following year Yang et al. [24] prepared a 10.36 cm2 module by scraping, achieving an efficiency of 15.6%. In the latter years, the efficiency of PSMs achieved faster progress with the development of PSCs, and in 2020, Du et al. [37] achieved 19.6% efficiency on an area of 7.92 cm2 by slit coating, and in 2021, UtmoLight Ltd. from China achieved a stable series minimum module efficiency of 20.1% with an aperture area of 63.98 cm2 [38]. This is the first time that the efficiency of PSMs exceeded 20%. In the same year, Bu et al. [17] also achieved an efficiency of 20.42% on an area of 17.1 cm2 by slit coating, and as of March 2022, Song-Yuan Dai’ et al. [1] achieved a record efficiency of 22.7% with an aperture area of 24 cm2 and has not been surpassed thus far. These results are based on series devices, although significant progress has been made on parallel modules, which have been reported to a lesser extent. Recently, Chen et al. [18] achieved a certified quasi-stable efficiency of 16.63% and an effective area of 20.77 cm2 for the parallel module. The most widely used is the series connected PSMs, a structure that reduces the electrical losses of perovskite during area scaling and maximizes the module’s efficiency, which is currently superior compared to parallel modules. However, almost all current PSMs have a GFF below 95%, which means at least 5% of the power generating area is lost, which is a great loss. For small area modules, only the effective area of the cell is counted for efficiency certification, i.e., the dead area is removed, so researchers generally make the dead width wider to ensure proper laser scribing function. However, for industrialization, what matters is the efficiency of the whole module aperture area, not just the efficiency of the effective area after removing the dead area. Furthermore, as the area of the PSMs expands, the dead area will further expand, and this part of the efficiency loss is what we must try to reduce. In sum, it is necessary to optimize the laser process of the chalcogenide module to achieve a smaller dead area and higher GFF. Ballif et al. [39] first reported laser-scribed PSMs in 2015 with a GFF of 84% by using a nanosecond (ns) pulse laser. In 2021, Huang et al. [17] gained an active area PCE of 20.4% for a PSM by utilizing a femtosecond (fs) pulse laser, starting from a PCE of PSC of 23.35%. Recently, an active area PCE of 21.4% was achieved by Naseeruddin et al. for their PSMs, while the GFF was as high as 90.2% [40]. Seok et al. [41] achieved an aperture area efficiency of 20.4% and a GFF of 94.36% by using a picosecond laser. In 2022, Negand et al. [42] achieved a very respectable GFF of 94.7% with a PCE of 19.1% (aperture area of 12.25 cm2) using a custom laser scribing device. Park et al. [43] achieved a high GFF of 95.5% and PCE of 21.07% (aperture area of 12.96 cm2) by using a nanosecond laser and fine lifting off the capping layers on indium tin oxide and identifying the residue within the scribed area. The current work is not perfect in optimizing the dead width of PSMs, and there is still much room for improvement.



In this paper, the laser process for perovskite modules was optimized using picosecond lasers. The main purpose of these optimizations is to reduce the dead area of the module while ensuring the functionality of P1, P2, and P3, and to increase the module efficiency by increasing the GFF. The final optimization of up to 99% GFF allows us to have only very low losses in the area scaling process and finally achieve a 22.69% photoelectric conversion efficiency. We also experimented with the electrolysis of water for hydrogen production using the prepared modules. The experimental results were more exciting, and hydrogen was successfully prepared by photocatalysis of the PSMs, using simulated sunlight as an energy source.




2. Results and Discussion


To develop a simple, stable, and reproducible process that can be directly extended to the perovskite module, the interconnection of module subunits was achieved by using a green laser (λ = 532 nm) with a pulse width of 20 ns and an infrared laser (λ = 1064 nm) in an ablation sequence of P1, P2, and P3, as shown in Figure 1. The expected module layout consists of six cells connected in series, each with an effective area of about 2.1 cm2, a total aperture area of 12.6 cm2, and a module structure of ITO/SnO2/Perovskite/spiro-OMeTAD/Au. All the laser processes are schematically reproduced in Figure 1, where the laser scribing areas of P1, P2, and P3 are shown in Figure 1b.



The laser devices P1, P2, and P3 used in this experiment are 532 nm green laser devices and P4 laser devices are 1064 nm infrared laser devices, which are manufactured by Shenzhen Kyowa Intelligent Technology Co. We conducted a comparison between 1064 nm infrared light and 532 nm green light scribing in laser P1 to investigate the effects of the two lasers on the removal efficiency and scribing width of ITO; we mainly investigated the effects of P2 laser energy, pulse repetition frequency (PRF), and laser spot size on the scribing effect, focusing on the effects of different P2 scribing quality on the performance of the module; last, laser P3 focused on the effect of different laser incidence directions on the scribing effect and its effect on the performance of the module. The purpose of all these optimizations was to reduce the width of the dead area while ensuring the normal laser scribing function. After the optimization, the dead area width of the module was reduced from 150 μm to 70 μm, and the final GFF of the module was >99%.



2.1. P1 Laser Process


The large area TCO glass substrate needs to first be patterned by a laser process (called P1) before it can be used to achieve parallel scribing and ultimately determine the total area of each solar cell used to make up the module, i.e., the cell area, the sink bar area, and the subsequent clear edge area that needs to be removed using P4.



As shown in Figure 2a, the expected module layout consists of six series-connected cell sub-cells, each with an effective area of about 2.1 cm2 and a module structure of ITO/SnO2/Perovskite/spiro-OMeTAD/Au. Due to the high absorption of both green and IR light by ITO, P1 scribing was easily achieved on the ITO/glass substrate, as the only requirement for P1 is that it must be completely electrically isolated and the cells on both sides of P1 must be completely insulated, i.e., the ITO must be completely removed from the P1 ablated area. Since P1 only needs to remove the ITO layer, and ITO absorbs light at all wavelengths relatively well, we tried the available green laser at 532 nm and the infrared laser at 1056 nm. As shown in Figure 2b, the 532 nm green light and 1064 nm infrared light were used to laser ablate the ITO glass, and both were found to be effective in isolating the bottom electrode of the battery, and both were tested with a multimeter and found to be completely insulated, as shown in Table 1.



As can be seen from Figure 2b and Table 1, the P1 of the two-laser scribing differs in width. Since the green light has a smaller spot and more concentrated energy, the width of the cut P1 can be controlled at about 10 μm, while the width of the P1 cut by infrared light will basically exceed 40 μm. Although both laser scribing achieves the function of the planning area and dividing of ion cells, it is difficult to reduce the width of P1 after infrared laser scribing, which will lead to a larger increase in the dead area; hence, the subsequent selection of the narrower width of the green laser to cut P1.




2.2. P2 Laser Process


After the deposition of the SnO2 layer, the perovskite layer, and the spiro-OMeTAD layer, a second laser scribing (called the P2 process) is required to clean out the area where the bottom electrode and the top electrode of the subsequent vapor deposition interconnect vertically. Although laser patterning is considered by the research community as the most desirable technique for fabricating perovskite modules in an industrial environment and is relatively easy to implement, the P2 laser scribing process is not a simple step. In fact, it should achieve complete removal of the ETL (SnO2)/perovskite/HTL (spiro-OMeTAD) triple-layer structure without damaging the underlying transparent conductive electrode (ITO), ensuring minimum contact resistance between the ITO and the top Au electrode vertical interconnects. The focus in developing efficient interconnects is the optimization of the P2 process. This requires careful tuning of the laser parameters to optimize the balance between incomplete interlayer removal at low laser fluence and ITO damage at high laser fluence.



As shown in Figure 3a, we first chose to adjust the laser power to cut P2, since laser power is the most important factor in determining the scribing results. At higher laser power, the ITO may be damaged, leading to an increase in the series resistance Rs, while lower laser energy will lead to incomplete removal of the film layer above the ITO and affect the contact between the metal electrode and it; thus, the laser power must find a moderate range. As shown in Figure 3a, the P2 laser ablated area has the best morphology only when the power is between 0.45–0.5 W. The balance between incomplete removal and ITO damage is achieved. As shown in Table 2, at higher energy, P2 can cause irreversible damage to the cell and reduce the module efficiency; thus, choosing lower energy when cutting is recommended. It is obvious from the microscope picture in Figure 3a that at a power of 0.4 W there will be some perovskite inside the P2 ablation line that is difficult to remove cleanly, which will affect the connection between the top metal electrode and the bottom ITO electrode after evaporation of the metal electrode, leading to an increase in the series resistance Rs and reducing the device performance. As shown in Table 2, the increased Rs will lead to a decrease in device efficiency, and when the power exceeds 0.55 W, as shown in Figure 3a, it can clearly be seen that the ITO electrode is pierced by the laser, which will also lead to the poor current transmission. Therefore, the power between 0.45–0.5 W is appropriate to form the best P2 scribing region, which eventually leads to the best interconnection of the top electrode with the bottom electrode.



After completing the commissioning of the laser energy, the second step was to adjust the laser P2 repetition frequency. The repetition frequency is the number of pulses of the laser output per unit of time, such as the output of 10 pulses per second laser pulse repetition frequency that is 10 Hz. The greater the laser repetition frequency, the higher the overlap rate of each spot, and the more it tends to form a straight line, while the smaller the repetition frequency, the laser will become a separate spot connected to an ablation line. The lower the repetition frequency, the more the laser becomes a single spot connected to a scribing area. The laser repetition frequency affects the scribing depth and quality, and ultimately the series resistance and open-circuit voltage of the cell. We controlled the power of the laser at 0.5 W, then adjusted the repetition frequency of the laser. As shown in Figure 3b, it was found that as the laser repetition frequency increases, the P2 ablation area becomes cleaner, but due to the thermal effect of the laser, ablation marks appear at the edges of P2, resulting in discontinuity of the top Au electrode evaporated at the edges of P2 and increasing the transmission resistance. The P2 ablated area has the best morphology when the repetition frequency was kept at 20–30 KHz.



After the laser energy and repetition frequency are adjusted to a suitable range, we need to optimize the dead width. For the laser, whether it is a square cavity mirror or a circular cavity mirror, the light intensity distribution in the cross-sectional plane is a circular spot with the strongest light intensity in the center and gradually decreases in the direction of the edges in a Gaussian type of distribution. Since the laser is a Gaussian beam with higher energy at the center and lower energy at the edges, there will be some residues of reactants at the edges due to the weaker energy at the edges, although the perovskite is completely removed at the center when the P2 laser is ablated. As shown in Figure 4a, at the plate thickness setting of 3 cm, the P2 width is 80 μm, and the center part of the scribing area is yellow (ITO color is yellow), indicating that the laser removed all the substances from the upper layer of ITO. The ablated area at the edge shows a purple color, which indicates that the material on the ITO layer was not removed cleanly, and black residues can clearly be seen in the ablated area, as shown in the red box in Figure 4a. We performed XRD characterization of the black residue in the P2 ablated area, as shown in Figure 5. Comparing the XRD spectra of the perovskite film and the P2 residue, we find that the XRD diffraction peaks of the P2 residue are mainly those of PbI2, with only a small portion of perovskite. This indicates that under the action of the P2 laser, the perovskite decomposed and a large amount of PbI2 crystals were produced. These PbI2 crystals can cause poor contact between the top metal electrode and the bottom ITO electrode and can affect the stability of the module. Therefore, we need to optimize the P2 laser process to remove this part of the residue at the edge of the P2 scribing area.



Controlling other conditions constant, we increase the distance between the substrate and the laser exit, so that the focus of the laser moves upward relative to the film, which eventually reduces the laser spot on the film, thus reducing the width of the P2 laser and making the laser energy more concentrated to reduce the residual PbI2 at the edges. This method not only reduces the residual P2 scribing edges but also significantly reduces the P2 width and reduces the dead area. As shown in Figure 4b, the residual PbI2 in the P2 ablated region was effectively removed and the P2 ablated region has a better morphology, while the width of P2 was significantly reduced from 80 μm to about 30 μm.



Table 3 shows the P2 widths obtained by varying the laser depth of focus (i.e., the distance between the laser exit and the substrate) while keeping other conditions the same. For the experimental setup we used a dual optical path laser scribing machine from Shenzhen Kyowa Intelligent Technology Co., Ltd. which has a minimum scribing width of 30 microns. Due to the limitation of the instrument, it was difficult to reduce the P2 width below 30 μm, which was the narrowest width that can be achieved without affecting the carrier transmission.




2.3. P3 Laser Process


The role of P3 is mainly to isolate the metal electrodes on the top of the module and realize the series connection of each cell. An incorrect form of P3 laser scribing can lead to (1) difficulty in removing the Ag electrodes from the surface, resulting in their residual in the ablated area, and (2) prolonged laser ablation, which can cause localized heating and lead to damage to the perovskite layer between adjacent sub-cells. Incomplete Ag removal may create a short circuit between the top electrodes of two adjacent sub-cells. The presence of a small amount of Ag flakes in the P3 ablation area may lead to the formation of a current path, resulting in an electrical connection between adjacent cells, and ultimately damaging the performance of the module. There are two process routes for P3—the first of which the laser is incident from the glass surface and removes all layers on the ITO, including the SnO2 layer, the perovskite layer, the HTL layer, and the metal electrode layer, to form a complete P3 ablated area, called the back-side P3 process.; and the second method being the front-side laser process, in which the laser is incident from the metal electrode surface and removes only the metal electrode layer on the surface, thus achieving electrical isolation.



The back-side laser P3 process is easy to achieve because the perovskite layer has a high absorption rate of laser light and can absorb energy and vaporize at a lower laser energy, thus taking away the metal electrodes on its upper layer and realizing the series connection between subunits in the module, as shown in Figure 6a. The process of realizing the backside laser is relatively simple, but there is a big problem concerning the Ag electrode will be torn, as shown in the red dotted circle in Figure 6a. Since Ag electrodes are carried away by functional layers such as vaporized perovskite and do not directly absorb laser energy, coupled with the fact that Ag has good ductility, the removal of Ag in the P3 scribing region will inevitably result in the surrounding Ag electrode layers being brought up together and off the surface of the spiro-OMeTAD, forming a tear-like crater structure. This results in the formation of a large amount of Ag debris at the edge or inside the P3 scribing area, which has a high probability of being distributed to form current paths within the P3 scribing area. Furthermore, this tearing of Ag electrodes may lead to the destruction of Ag within P2, resulting in poor contact between the top and bottom electrodes, leading to difficult charge transfer and increased series resistance.



To solve the problems of P3 tearing and controlling the dead area width, we conducted a study of frontal P3. As shown in Figure 6b, the frontal P3 process uses a laser incident from the Ag electrode to remove the Ag electrode in the P3 ablated area. Since most of the laser light is reflected or absorbed by the Ag electrode layer, the other functional layers in the P3 ablated area are retained. Since functional layers such as perovskite and spiro-OMeTAD can only transmit charge in almost vertical directions, they do not affect the effect of P3. The advantage of front-side P3 is the simplicity of the process, as well as the ability to greatly reduce the area of dead areas. As shown in Figure 6, the front-side P3 laser process can greatly improve the quality of the ablation, while comparing the effect of front-side and back-side P3, it is found that using front-side P3 can greatly reduce the width of the dead area, which is reflected in the significant improvement of JSC in the module.



The final P4 edge clearing process uses a 1064 nm infrared laser to clear all areas other than the active area of the cell and the sink bar area, including all layers between the ITO and Au electrodes, leaving only the glass substrate, as shown in Figure 2a, the blue area is the edge clearing area. After the completion of edge clearing, the complete module can be formed by pasting the sink bar in the yellow sink bar area as in Figure 2a.



As shown in Figure 7a, after the laser optimization of P1–P3, the dead area width of the module is significantly reduced, from greater than 150 μm at the beginning to about 70 μm at present, and the GFF value is increased to 99%, which is a world-leading level. Correspondingly, the module short-circuit current density JSC also has a large increase, and the module efficiency has improved significantly, as shown in Figure 7b. The reduction in the dead area means an increase in the active area of the cell, which is manifested in the PV parameters by the significant increase in the short-circuit current density JSC, which is significant. After laser P1, P2, and P3 scribing optimization, we prepared a module with an aperture area of 12.6 cm2, the optimal device open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF), and photoelectric conversion efficiency (PCE) were 7.03 V, 4.23 mA/cm2, 76.22%, and 22.69%, respectively, and the J-V curves of the module are shown in Figure 8a. The high efficiency is mainly attributed to the extremely high geometric fill factor (GFF > 99%), which is mainly due to our optimization of the laser process.



The electrocatalytic experimental results and electrolytic water hydrogen production effect of the PSMs are shown in Figure 8b. We connected the positive and negative electrodes of the perovskite solar modules to two graphite electrodes and put the graphite electrodes into the electrolyte. Then the light intensity of the xenon lamp was adjusted to simulate sunlight and shine onto the surface of the perovskite solar modules; thus, generating an electric current to electrolyze water for hydrogen production. The rate of hydrogen production was controlled by adjusting the solar irradiance of the xenon lamp, after 5 min of simulated light exposure and then quantitatively analyzed by gas chromatography to obtain six sets of data, as shown in Figure 8b. Table 4 shows the variation of the component VOC and JSC for different solar irradiance. As the solar irradiance rises, the JSC component of the modules increases, causing the volume of hydrogen produced by the electrolysis of water to rise gradually and the overall data to increase linearly. This result indicates that using PSCs as a catalyst for the electrolysis of water is feasible and that hydrogen production from photovoltaic power is a technology that can be expected.





3. Materials and Methods


3.1. Materials


Formamide iodide (FAI), rubidium chloride (RbCl), potassium chloride (KCl), and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) were purchased from Xi’an, China Xi’an Baolite Optoelectronic Components Co. Methylamine iodide (MAI), methylamine chloride (MABr), cesium iodide (CsI), and lead iodide (PbI2) were purchased from Xi’an Yilante New Material Co. from Xi’an, China. All other materials, including ethanol (EtOH), 2-propanol (IPA), acetone, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), acetonitrile (ACN), chlorobenzene (CB), tert-butylpyridine (tBP), and toluene, were purchased from Shanghai Maclean Biochemical Technology Co. from Shanghai, China. All materials were used as is unless otherwise stated.




3.2. Fabrication of Perovskite Solar Modules (PSMs)


In this work, an ITO glass with a square resistance of 15 Ω/cm2, a thickness of 1.1 cm, and an area of 5 × 5 cm2 was used as the substrate. Firstly, the bottom electrode pattern of the cell was planned using laser cutting P1 to insulate the bottom electrodes of adjacent sub-cells. Then, the ITO glass, after P1 scribing, was ultrasonically cleaned for 20 min in the order of pure water, acetone, isopropanol, and anhydrous ethanol, respectively, and then spin-coated to prepare the electron transport layer after nitrogen blowing and UV ozone treatment for 20 min (the aqueous SnO2 colloidal solution was diluted with pure water at 1:3). The SnO2 solution was subjected to a spin-coating step of 4000 rpm, 20 s, followed by 180 °C, and 20 min annealing. The annealed substrate was treated with UV ozone and then taken into a glove box for spin-coating to prepare the PbI2 layer (PbI2 dissolved in DMF/DMSO at a concentration of 691.5 mg/mL in a volume ratio of 9:1). After spin-coating, the PbI2 films were heated on a hot table at 70 °C for 10 s. After heating, the FA/MA mixture solution (FAI:MAI:MACl = 90:6:12 mg/mL dissolved in IPA) was dropped onto the PbI2 films and spin-coated to form a film, followed by annealing at 150 °C for 15 min in an air atmosphere to promote the formation of perovskite crystals. Afterward, the hole transport layer spiro-OMeTAD was spin-coated (spiro-OMeTAD 72.3 mg/mL dissolved in CB/tBP/Li-TFSI acetonitrile). After the preparation of hole transport layers, laser P2 scribing was performed to selectively remove all film layers between adjacent subunits except ITO to allow them to form a series connection by subsequent deposition of the top electrode. Then, 150 nm thick Au was vaporized as the top electrode in a high vacuum chamber (<10−5 Pa) after P2 scribing was completed, and laser P3 scribing was performed to separate the top electrode just achieved so that the top electrodes of each subunit are separated from each other. Finally, the edge of the cell was removed by laser P4 scribing, and the sink strip was applied to obtain a complete module.




3.3. Characterization Methods and Instruments


The current-voltage curve of the PSMs was measured with a source meter (Keithley B2901A) at AM 1.5, 100 mW/cm2. AM 1.5G simulated solar illumination was provided by a AAA solar simulator (Enli Tech, SS-F5-3A, Taiwan) calibrated by a KG-5 standard silicon cell. X-ray diffraction patterns were collected at room temperature using an X-ray diffractometer (PANalytical B.V., X’Pert Pro MPD) using Cu Kα radiation (λ = 1.5418 Å). The electrodes we used in the process of hydrogen production by electrolysis of water were two graphite electrodes and the electrolyte was a potassium chloride (KCl) solution. The xenon lamp model was the PLS-SXE300/300UV of the PerfectLight.





4. Conclusions


In this paper, we explore the application of the picosecond laser process in the module preparation process based on the two-step preparation of perovskite solar cells with optimized dead area width. The laser process is currently the optimal solution to achieve large areas of perovskite solar cells with fast processing speed, high precision, and low process cost. Through the selection of the P1 laser and the optimization of the P2 and P3 laser processes, the high-efficiency perovskite solar modules were successfully prepared, while the optimization of the dead area width was completed in the process, and the dead area width was reduced from 150 μm to about 70 μm. The optimized laser process finally achieved high GFF (> 99%) and high-efficiency module, and the loss from the small cell (24%) to the module (22.69%) was only about 1.3%, which proves that the optimized laser process is an effective way to achieve high GFF (> 99%) and high-efficiency module. By testing the experiment of hydrogen production from electrolytic water, we proved the feasibility of hydrogen production from photovoltaic power, but the specific energy conversion efficiency and the possible problems in the practical application need to be further studied.
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Figure 1. (a) Schematic diagram of the distribution of active and dead areas of PSMs and microscopic images of laser P1, P2, and P3 ablation areas. (b) Perovskite module structure and laser P1, P2, and P3 scribing schematic. 
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Figure 2. (a) Laser P1 process scribing pattern and the distribution of each functional area. (b) Optical microscope image of 532 nm green laser with 1064 nm IR laser P1 ablation. 
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Figure 3. (a) Micrograph of the ablated area with different P2 laser power (W). (b) Micrograph of the ablated area with different P2 laser repetition frequency (KHz). The power of the laser used is controlled at 0.5 W. 






Figure 3. (a) Micrograph of the ablated area with different P2 laser power (W). (b) Micrograph of the ablated area with different P2 laser repetition frequency (KHz). The power of the laser used is controlled at 0.5 W.



[image: Catalysts 13 00953 g003]







[image: Catalysts 13 00953 g004 550] 





Figure 4. (a) 80 μm width laser P2 ablation area; (b) 30 μm width laser P2 ablated area. 
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Figure 5. XRD patterns of perovskite film and P2 residue. 
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Figure 6. (a) Reverse laser P3 ablation schematic and actual results. (b) Frontal laser P3 ablation schematic and actual results. 
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Figure 7. (a) Change in dead width before and after laser process optimization. (b) Module J-V curves and PV performance parameters before and after laser process optimization. 
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Figure 8. (a) Optimal device parameters and J-V curve. (b) Hydrogen production from perovskite solar modules as a power source driving electrolytic water production at different solar irradiances. 
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Table 1. Width and resistance of the ablated area after P1 ablation with different wavelength lasers.
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	Laser Wavelength (nm)
	P1 Width (μm)
	Resistance (Ω)





	Pristine
	0
	30



	532 nm
	10
	∞



	1064 nm
	40
	∞
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Table 2. Module performance parameters.
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	Power (W)
	VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)
	Rs (Ω)





	0.4
	6.88
	4.13
	76.33
	21.70
	13.6



	0.45
	6.89
	4.13
	76.4
	21.75
	10.4



	0.5
	6.88
	4.15
	75.9
	21.68
	9.9



	0.55
	6.90
	4.16
	76.5
	22.07
	8.0



	0.6
	6.90
	4.01
	75.6
	20.9
	15.1



	0.65
	6.89
	4.01
	75.3
	20.81
	14.9
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Table 3. P2 ablation width versus laser depth of focus.
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	Laser Depth of Focus (cm)
	Width of P2 (μm)





	3
	80



	3.5
	50



	3.7
	30
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Table 4. VOC and JSC of perovskite solar modules at different solar irradiance.
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	Solar Irradiance (W/m2)
	VOC (V)
	JSC (mA/cm2)





	1000
	6.63
	47.5



	1200
	6.61
	56.1



	1400
	6.68
	66.9



	1600
	6.62
	76.5



	1800
	6.69
	87.1



	2000
	6.67
	94.5
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