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Abstract

:

Electron and hole transporting layers play a major role in high-performance and stable organic-based optoelectronic devices. This paper demonstrates detailed device engineering of multi-junction organic photovoltaics built on two different metal oxide-based electron and hole transport (buffer) layers prepared by thermal or solution-processed methods. The main focus is on the device processing parameters as well as practical details of preparation of buffer layers to give the research community a clear, step-by-step recipe to successfully replicate and build series and parallel connected multi-junction solution-based organic solar cells for their needs. Here, the recipes and deposition conditions of two metal oxide buffer layers are presented in detail, based on basic commercially available materials and tools, to achieve well-engineered tandem (multi-junction) solution-processed organic solar cells. The buffer layers have appropriate energy levels for electrical selectivity of anode and cathode electrodes, and they are highly stable and chemically compatible with processing of solution-based polymer solar cells. To demonstrate the engineering steps of multi-junction devices, the PCE10:PC70BM blend is used as the active layer for all subcells. Then, to improve the power conversion efficiency of the single-junction photovoltaic device, PCE10:PC70BM blend is used in combination with DPPx:PC70BM with different absorption spectra for bottom and top subcell active layers. An optimized series tandem device with 10.6% power conversion efficiency is demonstrated. Generally, the device structures reported here can also be used for other types of optoelectronic devices, such as light emitting diodes and photodetectors.






Keywords:


electron and hole transport layers; solution-processed; metal oxide; photovoltaics












1. Introduction


Organic semiconductor films have recently demonstrated their potential for use in photovoltaic active layers. Efficiency and stability improvements in recent decades have opened up new possibilities for different applications and have brought the commercialization of such technologies for large-scale production of solar cells much closer [1,2,3,4]. Their mechanical flexibility, light weight, optical transparency, and color tunability make them suitable for window applications and flexible electronics [5]. Since they can be processed at low temperatures and via fast solution-processing methods (blade, roll-to-roll, and print coating) for coating of the precursor solutions, production costs can be lowered, leading to cheaper, large-scale installation of future solar cell power plants [6,7,8]. In addition to the power conversion efficiency, the stability of the organic solar cells must be improved before they can be commercialized. Their sensitivity to moisture and UV light are the two most important issues to address. Very good encapsulation in combination with a UV filter can improve their stability under working conditions. Another point to discuss is the choice of electrodes. Organic semiconductors are generally very soft and when metallic layers such as copper, silver, or aluminum are used as top electrode, under working conditions, they can produce small metallic particles penetrating into the organic active layer leading to recombination of generated electrons and holes. One of the ways to avoid this problem is to use conductive oxide-based electrodes such as ITO for the top electrode. Then, if an opaque device is desirable, the ITO top electrode can be covered with a metallic layer (Cu, Ag, Al) to act as a mirror. In this case, the ITO layer, which is mechanically harder and more compact, will protect the soft underlying organic layers against the penetration of metallic particles. Having a transparent organic solar cell also allows its use in window applications (built-in solar cell). Organic solar cells can be processed on plastic flexible substrates such as PET and can play an important role in flexible electronics generally. Imagine having a power supply on your clothing! Organic flexible solar cells can be used anywhere transparency, flexibility, and light weight are important to achieve [9,10,11,12]. An efficient and stable solar cell can only be achieved by a combination of optimized high-quality organic donor and acceptor materials, optimum processing conditions, and precise engineering of the whole device. Usually, indium tin oxide (ITO) covered glass for rigid cells, or ITO covered PET (or PEN) for flexible solar cells, is used with a transparent electrode in combination with a metallic top electrode (Al, Ag, Cu). The active layer of the device must be processed between two buffer layers, avoiding direct contact with electrodes, so that the combination of each electrode with a buffer layer can extract electrons and holes efficiently and selectively. Direct contact between the active layer and electrodes leads to electron-hole recombination at their interfaces, causing reduction of the photo-generated current and fill factor of the device, and considerably reducing the power conversion efficiency. In this context, electron and hole transport layers play a very important role [13,14,15]. The electronic energy levels of the buffer layer must be matched with the valence and conduction band energy levels of the semiconductor with sufficient electrical conductivity and high optical transparency [16,17]. In addition, buffer layer process compatibility, chemical stability, and cost must be considered. All these issues require very precise recipes and processing methods for an optimum device, even more so when multi-junction devices, as opposed to single-junction types, are being considered [18,19,20]. For solution-processed devices, organic materials (polymers, fullerenes) must be dissolved into non-polar chlorinated solvents such as Chlorobenzene (CB), Dichloro-benzene (ODCB), or Chloroform. The buffer layer processed under the active layer must be chemically stable (compatible) with such a solvent. Generally, organic thin films have thicknesses of 80 to 120 nm and are very smooth with roughness between 1 to 3 nm. This means that, in addition to choose suitable materials and proper processing steps, a buffer layer deposited onto an organic active layer can be very thin as well (from 1 up to 10 nm as we will discuss later). The hole and electron transport layers of a tandem (multi-junction) solution-processed organic solar cell provide electrical selectivity of the electrodes to extract charge carriers efficiently, and also protect the underlying subcells against solvents. Therefore, it is always a challenge to address those two requirements at once. Here, the recipes of two metal oxide buffer layers are presented, composed of very basic and unexpensive commercially available materials (from Sigma Aldrich, St. Louis, MO, USA). In addition, their deposition conditions are fully explained. By following the steps reported in the manuscript and by using basic tools available in any research laboratory, such as spin coater and thermal evaporation systems, one can repeat and reproduce a very well-engineered tandem (multi-junction) device with series and parallel configurations. Therefore, this report can act as a very useful starting point for exploring organic single- and multi-junction devices. The main purpose of this article is to provide the research community with very clear and detailed device engineering of multi-junction polymer-based organic photovoltaics which are made with metal oxide buffer layers, and which have been used by the author for many years in his research on opto-electronic devices. The reader will be able to generate these structures quite easily and use them for their own purposes. Note that the objective here is only to explain the device engineering steps, not the efficiency of the solar cell devices, since the light to power conversion is strongly related to the choice and quality of the organic donor and acceptor materials used, which is not within the scope of this report. It must be noted that recent improvements and increased performance of organic solar cells are fully due to optimized state-of-the-art organic materials [21,22]. Here, the performance of optimized devices is limited by the materials which were available and, therefore, if the same device structures in this work can be combined with recent newly developed high-performance organic donor and acceptor materials, much higher performance will be generated relatively easily. Usually, to demonstrate the electronic abilities of multi-junction structures, the open-circuit voltage (Voc) and fill factor (FF) are the most important parameters to consider. Both open-circuit voltage (Voc) and fill factor (FF) are strongly related to the interfaces of active layers with buffer layers and electrodes, and to the whole device structure in general. In contrast, the photogenerated current and, therefore, the power conversion efficiency is more directly related to the polymer or fullerene’s chemical and optical properties as the active layer of the device, and also the illumination conditions [23,24]. In this article, engineering of four different device structures will be demonstrated. Two single-junction devices with so-called conventional and inverted [25,26,27] structures will be reported. Then, two types of multi-junction device are presented in which the subcells are electrically connected in series or parallel configurations. An organic solar cell with conventional structure is made as Glass/ITO electrode (transparent)/HTL/Organic Active Layer/ETL/Metallic electrode (opaque) while the inverted structure is built as Glass/ITO electrode (transparent)/ETL/Organic Active Layer/HTL/Metallic electrode (opaque). It must be noted that, instead of ITO, any type of optically transparent electrode (such as FTO or high conductive PEDOT:PSS) can be used, and similarly for the metallic top electrode materials such as silver (Ag), aluminum (Al), gold (Au) and copper (Cu). Here, the single-junction device with conventional structure is made of 0.7 mm Glass/150 nm ITO/20 nm MoO3/Organic Active Layer/3 nm TiO2/150 nm Ag and the single-junction solar cell with inverted configuration is made of 0.7 mm glass/150 nm ITO/3 nm TiO2/Organic Active Layer/20 nm MoO3/150 nm Ag. The thickness of the organic active layer is varied (by coating with different spin speeds) until optimum electrical performance is achieved. The single-junction device structures are demonstrated in Figure 1.



A multi-junction device [28,29,30,31,32] can then be created by stacking subcells with structures similar to the above-mentioned single junctions onto each other. However, great attention must be paid to optical transparency, electrical properties, and to the chemical and physical stability of the interlayers connecting the subcells, especially in our case when the organic active layer is solution-processed by using methods such as spin, blade, roll-to-roll, and print coating. The series tandem (multi-junction) devices are made by stacking two or more subcells with inverted configuration as 0.7 mm Glass/150 nm ITO/3 nm TiO2/Organic Active Layer/20 nm MoO3 + 1 nm Ag + 3 nm TiO2/Organic Active/20 nm MoO3/150 nm Ag. The parallel tandem (multi-junction) devices are built up based on two or more subcells with both inverted and conventional structures as 7 mm Glass/150 nm ITO/3 nm TiO2/Organic Active Layer/20 nm MoO3 + 15 nm Ag +20 nm MoO3/Organic Active Layer/3 nm TiO2/150 nm Ag. The thickness of the organic active layers is varied for subcells to maximize electrical performance. It must be noted here that, generally, to increase the power conversion efficiency of multi-junction structures compared to single junctions, active layers must have non-overlapped optical spectra with high electrical performances. Also, the middle electrode connecting subcells must be optically as transparent as possible. In a series tandem (multi-junction) solar cell, the middle electrode connecting two subcells must have perfect charge extraction selectivity to extract electrons and holes efficiently from subcells but does not have to be electrically conductive since the middle electrode does not transport any charges. This interlayer acts as a recombination site for electrons and holes arriving from the bottom and top subcells, respectively. Therefore 1 nm silver (Ag) is used between the MoO3 and TiO2 buffer layers to provide the necessary recombination sites, leading to optimum extracted photocurrent (Jsc), open-circuit voltage (Voc), fill factor (FF), and performance of the tandem (multi-junction) device. For parallel tandem devices, at least 20 nm Ag was needed here to create a conductive middle electrode since, in this configuration, the connecting electrode must be used to extract holes from both subcells and must have sufficient electrical sheet conductivity to do so. Generally, if a much more transparent conductive electrode, such as ITO, is used instead of a metallic-based electrode such as Ag, the performance of the parallel tandem device will be improved due to higher light intensity illumination of the top subcell. Due to the softness and heat sensitivity of organic materials, a very soft sputtering process must be used with low sputtering power; also, the substrate must be cooled down (with liquid nitrogen) in combination with a large distance (20 cm or more) between the sputtering head and the substrate, in order to limit mechanical and thermal damage to the soft organic active layer during the sputtering process. It must be noted here that due to lack of a suitable sputtering tool, a metallic layer (Ag) had to be utilized instead. We will show that the series-connected tandem devices will be a suitable choice when two different polymers (active layers) are used with non-overlapping absorption spectra. The bottom subcell, based on PCE10 polymer, absorbs mainly in the blue region while the top subcell, based on DPPx polymer, absorbs longer wavelengths so that the series tandem device covers a broader range of the sunlight spectrum, leading to higher performance. Here, the parallel tandem structure based on a middle electrode with high optical absorption mainly on a longer wavelength (Ag absorption), limits its efficiency due to a lower light intensity available to illuminate the top subcell. Since the optical transmission of the metallic layer, such as silver, is higher in the blue region of the spectrum, for both bottom and top subcells in this report PCE10 polymer is used, and the performance of the single-junction device is slightly improved. It will be demonstrated that an optimum thickness of the active layer based on PCE10 polymer is about 260 nm for a single-junction device; by using a parallel tandem structure having thicknesses of 190 nm and 90 nm for bottom and top subcells, respectively, leading to total active layer thickness of 280 nm, the total absorption intensity is improved and therefore also the performance of the whole device compared to the single-junction model. The thickness of the middle electrode in both series and parallel tandem (multi-junction) configurations must be defined due to its capability to protect the underlying subcell during solution processing of the following top subcell. If this connecting electrode is not closed and chemically stable against chlorinated solvents, the underlying subcell will be dissolved during the coating of the next subcell processed on top of it, and no tandem (or multi-junction) device can be made. The chemical stability and compactness of the interlayer is, therefore, the most important initial requirement to address. The thermal deposition method is used here for MoO3 layer to ensure the compactness (hole-free layer) of the middle electrode in this report for all tandem (multi-junction) devices. Then, based on optical and electrical simulations and experimental process parameters, the thickness of the organic active layers can be varied, and an optimum device configuration can be achieved. The series- and parallel-connected tandem device structures are demonstrated in Figure 2.



To build up multi-junction devices, we can just stack more (three, four, and so on) subcells similar to the tandem structures of Figure 2. The same single- and multi-junction device structures can also be used for light emitting diodes and photodetectors. The same single-junction device structures (conventional and inverted) presented here can be used as a photo-detector. Also, for single color light emitting diodes, we can use a similar single-junction device structure but of course with different organic active layers. If we want to create multi-color light emitting diodes, we have to create a multi-junction device in which all subcells can be electrically connected individually, and therefore the example of parallel tandem solar cell shown here can be utilized but of course with all electrodes based on transparent ITO. The sputtering of conductive and transparent electrodes onto soft organic layers is a challenging task.




2. Materials and Methods


ITO and Ag were used in all four device structures as transparent and opaque electrodes, respectively. For hole transport (HTL) and electron transport layers (ETL), thermally evaporated Molybdenum Oxide (MoO3) and titanium dioxide (TiO2) dispersion processed at room temperature were used, respectively. Different thicknesses of both buffer layers are needed for each type of device structure. The main goal is to use the minimum thicknesses possible for the metal oxide buffer layers since they are much less electrically conductive than electrodes, and thicker films will increase the series resistance of the whole device, thus lowering the fill factor (FF) and performance significantly. However, the buffer layers must also be thick enough to give the electrodes a perfect selectivity to avoid extraction of both electrons and holes at the same electrode leading to interface recombination processes and lowering the electrical performance of the device. For an optimum device structure, 20 nm MoO3 as hole transport layer (HTL) and 3 nm TiO2 as electron transport layer (ETL) are used in this report. Both buffer layers are highly transparent, and their conduction and valence band energy levels perfectly match the HOMO and LUMO levels of the organic active layers, so that an optimum open-circuit voltage (Voc) and fill factor (FF) can be achieved.



The electron transport layer made of Titanium Oxide dispersion TiO2 used here [33] is a patented recipe (USPTO patent application number: 20120207947A1 and European Patent EP 2490235B1) which is a very stable dispersion solution in alcohol and can be coated under or onto the organic active layer without need for any thermal post-treatment at room temperature. The solvent dispersion can be any type of alcohol and is used for different coating tools, such as blade and roll-to-roll coaters instead of spin coating since higher boiling points are more suitable for them. The TiO2 dispersion has a good wetting with ITO-covered substrates and also onto organic active layers, leading to the possibility of using it for both conventional, inverted, and multi-junction device structures. This recipe begins with a relatively concentrated but stable TiO2 dispersion which can be further diluted with any type of alcohol (Ethanol, Methanol, Isopropyl alcohol, Butanol) before use. Note that all materials used here were purchased from Sigma Aldrich and the preparation steps were done inside a nitrogen-filled glove box. At room temperature, add in a 24 mL bottle with open cap and stirring magnet, 3 mg Di-sorbitol and 1 mL IPA (or ethanol) and stir at 300 to 600 rpm until all D-Sorbitol is dissolved and a perfectly clear solution is made. Add 0.5 mL Ethanolamine to this mixture and keep stirring as before. In a separate small bottle, outside the glove box, mix a small amount of Acetic Acid with pure water (1:0.5 volume %) and bring this mixture, sealed, inside the glove box. It is important to make only a small amount of this mixture since we do not want to introduce an unnecessarily large amount of water into the glove box. Slowly add 0.2 mL of acid/water mixture to the 24 mL bottle containing alcohol/D-sorbitol/Ethanolamine mixture and keep the whole mixture at the stirring plate unsealed until the smoke and heat that is generated has gone. After waiting for about 10 min, carefully add, dropwise, 0.5 mL Isopropoxide IV Titanium into the mixture while stirring the solution as before. Some heat and smoke will again be generated but will disappear after a couple of minutes as the solution cools down to RT. The final step is to add 20 mL IPA, Ethanol, or any type of alcohol to the mixture. This gives the final product, the TiO2 dispersion gel, which is a very clear solution and remains stable for a very long time. Before use, 0.2 mL of dispersion gel must be diluted further with 3 mL IPA, Ethanol, or any type of alcohol. The diluted TiO2 dispersion is spin coated inside the nitrogen filled glove box at 1000 rpm, 5000 acceleration, 60 s for all devices leading to a thickness of about 3 nm. It is more practical to keep the dispersion in concentrated form since, to get optimum results, the dilution must be adjusted based on coating tools and the boiling point of the alcohol which has been used. Note that the coating of TiO2 solution can be done inside or outside the glove box and at room temperature without need for any post-annealing. The TiO2 electron transport layer is ready directly after coating.



The hole transport layer made of Molybdenum Oxide (MoO3) is processed by thermal evaporation deposition method by using MoO3 powder. A crucible/heater evaporation source is used under 10−6 mbar pressure for this deposition. It is important to heat up the MoO3 powder slowly to limit the loss of its oxygen during the thermal evaporation process. A heat source based on a crucible/heater is a better choice than thermal evaporation boats in order to control the heat and keep the evaporation rate at about 1 Angstrom/second during the whole process more efficiently. Different MoO3 thicknesses were used based on the device structure, as explained before. A thermal evaporation method [34,35] was used instead of solution processing because a stable and compact buffer layer was needed to protect the underlying organic layers against chlorinated solvents, and because thermally evaporated MoO3 is much more compact and protective compared to some solution-processed dispersions described in the literature. To achieve high-quality and reproducible results, after each evaporation the crucible must be dry-cleaned and new fresh MoO3 powder must be used. Fresh MoO3 powder has a light green color which changes color to gray after one evaporation, indicating that it has already lost some of its oxygen content which will result in higher resistivity of the buffer layer and will increase the series resistance of the solar cell. This will result in lowering of the fill factor (FF) of the device.



The organic active layers were made of different polymers as donor materials with different bandgaps mixed with fullerene molecules PC70BM or PC60BM as acceptor components. All preparations and processing were done in a nitrogen (N2)-filled glove box. The PCE10:PC70BM solution was made by dissolving 10 mg PCE10 polymer (from 1-Materials company, Dorval, QC, Canada) + 20 mg PC70BM (from Nano-C company, Westwood, MA, USA) in 1 mL ODCB (Sigma Aldrich) at room temperature and with a stirring time of 24 h. Before spin coating, the solution was warmed up to 60 °C and processed by keeping the temperature at 60 °C with spin speeds between 500 to 1000 rpm for 60 s to achieve films with different thicknesses. No post-annealing was needed for this organic film. The DPPx:PC70BM solution was made by dissolving 3.5 mg DPPx polymer (from BASF company, Waterloo, Belgium) + 7 mg PC70BM or 7 mg PC60BM (from Nano-C company) into 1 mL solvent mixture of CF:ODCB (4:1 volume %) at room temperature and with a stirring time of 24 h. A spin program of 1000 rpm for 60 s was used, while the solution was kept at room temperature leading to an optimum thickness of about 90 nm. No thermal post-annealing was done. The P3HT:PC60BM solution was made by dissolving 30 mg P3HT (Rieke materials company, Lincoln, NE, USA) + 30 mg PC60BM (Nano-C company) into 1 mL ODCB with stirring at room temperature for 24 h. The film was coated with spin speed of 1000 rpm for 60 s and the coated substrate was placed directly after spin coating under a cap to dry slowly at room temperature for 30 min. The thermal post-annealing was then done at 130 °C for 10 min. A film thickness of 300 nm was achieved.



In all cases, the substrates were cleaned by ultrasonication at room temperature in demi water + soap solution for 10 min followed by washing with demi water to completely remove the soap. Then, ultrasonication in acetone and IPA was performed, each for 10 min at room temperature, and the samples were dried with a nitrogen gun. UV-Ozone treatment was then performed for 20 min before inserting the substrates inside a nitrogen-filled glove box in which all processes and measurements were carried out. Here, as a starting point, single- and multi-junction devices are presented based on PCE10:PC70BM to demonstrate the device engineering processes. Then, a series tandem device is reported using a PCE10:PC70BM bottom cell + DPPx:PC70BM top cell which shows the capability of tandem structures with subcells with non-overlapping absorption spectra to improve on single-junction devices by harvesting the spectrum of sunlight more efficiently. The parallel tandem device is made of PCE10:PC70BM blend for both bottom and top subcells. The top cell in this case has much lower light intensity of longer wavelengths due to using silver for the middle electrode and therefore blue-absorbing PCE10:PC70BM polymer is more compatible. In this case, the total active layer thickness was improved from 260 for the single-junction device to 280 nm for the parallel tandem device, leading to a higher generated current. It must be noted here that by keeping all parameters the same but by using ITO instead of Ag, the parallel tandem configuration can be as efficient as the series configuration in which different polymers with no overlapped optical absorption spectra are utilized. The P3HT:PC60BM single-junction device is only used to demonstrate the variation of electrical parameters (Voc, Jsc, FF, and performance) under lower light intensities to explain the behavior of the multi-junction structures more clearly. In order to optimize the series tandem cell with two different polymers (with non-overlapping absorption spectra), optical and electrical simulations and many other experiments were performed to achieve the best results possible using the previously mentioned materials and device structures. For the parallel tandem device, experimental work was done to create different thicknesses for both bottom and top subcells to find an optimum output.




3. Results and Discussion


The electrical power generation of an organic solar cell consists of the following steps: light absorption, exciton (electron-hole pairs) generation, exciton dissociation (free electrons and holes), charge transport, and charge extraction [36,37,38,39,40]. One organic active layer can cover only a part of the solar light spectrum. Therefore, a tandem (multi-junction) device built of organic active layers with different absorption spectra can improve the optical absorption of the device and cover a broader range of solar light leading to higher performance than the single junctions (series configuration in the current manuscript). In another case, due to lower charge conductivity of organic materials (high dielectric constant) and as a consequence lower exciton diffusion length, the thickness of the organic active layer is limited. When a single junction device has too thick an active layer, electron-hole pairs (excitons) cannot be dissociated before they recombine with each other; or after exciton dissociation, free electron and hole recombination processes can happen before they can be extracted from the device. Those recombination’s cause an enormous reduction of electrical performance in the solar cell device [41]. Also, here a tandem (multi-junction) device can be used, keeping the same organic material with low (optimum) thickness as the active layer for subcells but having greater total thickness of the whole tandem device compared to the single-junction model. In this way, a tandem device can absorb more sunlight at the same wavelength leading to generation of more photocurrent as a result (parallel configuration in the current manuscript). To build up tandem (multi-junction) photovoltaics, we must first create optimally designed single-junction devices which will be used as subcells. Here, we demonstrate first an opaque inverted device with PCE10:PC70BM active layers with different thicknesses to find the optimum parameters. Then, based on the same parameters, we change the order of buffer layers to create a single-junction device but with conventional structure. Cathode electrodes of 150 nm pure silver layer, 20 nm Calcium (Ca) + 150 nm Ag electrode and 3 nm TiO2 + 150 nm Ag were compared. Pure silver does not have a perfect work-function relative to the LUMO level of the organic active layer to extract the electrons optimally and, therefore, lowers the fill factor (FF). The combination of Ca + Ag has the optimum low work-function properties to have an optimum interface with the LUMO level of the active layer and the highest fill factor (FF) as a result. However, Ca has less optical reflection as top electrode leading to reduction in the light intensity inside the blend and to lower photocurrent (Jsc) generation. The optimum cathode is achieved in a device with conventional configuration when a TiO2 + Ag electrode is used to keep both fill factor (FF) and photocurrent (Jsc) at high values.



In addition, the comparison between inverted and conventional devices with identical organic active and buffer layers shows that the inverted structure leads to higher performance mainly due to higher photocurrent generation (higher Jsc). Therefore, a 2-electrode (2-terminal) series tandem (multi-junction) structure based on two (or more) subcells, all with inverted structures, is recommended. A DPPx:PC70BM single junction with similar inverted structure was used to find the optimum thickness of the active layer film of about 90 nm. The DPPx:PC70BM film absorbs more light compared to DPPx:PC60BM due to the greater absorption of PC70BM compared to PC60BM. Use of PC70BM ensures maximum possible photocurrent generation. For a 3-terminal parallel tandem device, both inverted and conventional configurations must be used since their interconnecting electrode must have the same selectivity (polarity). Here, the middle electrode of the parallel tandem device is the anode to extract and transport holes. In order to justify the choice of combining PCE10:PC70BM and DPPx:PC70BM for subcells of the tandem device, the external quantum efficiencies (EQE) of inverted single-junction devices are also measured, which demonstrates that the polymers have non-overlapping absorption spectra leading to the possibility of increasing the power conversion efficiency (PCE) of single-junction subcells by employing a tandem device structure. This will be demonstrated at the end of the article. Figure 3 demonstrates the electrical and optical properties of subcells to be used at a further stage for tandem (multi-junction) devices.



To explain in more detail why a device with inverted structure has higher photocurrent (Jsc) generation compared to the conventional configuration, we must discuss higher intensity of light illuminating the active layer for the inverted cell. Since the glass substrate, both electrodes (ITO and Ag), and the organic active layers are identical in both configurations, the cause of different light intensities inside the device must be the hole (20 nm MoO3) and electron (3 nm TiO2) transport buffer layers. When we apply optical measurements by ellipsometer, we find that both molybdenum oxide (MoO3) and titanium dioxide (TiO2) are optically very transparent, with low k value. However, there is a huge difference between their refractive indexes. The MoO3 layer has a larger refractive index than TiO2 which leads to huge reflection of incident light. The optical transmission of glass/ITO/MoO3 will be limited due to it reflecting the incoming light much more than the glass/ITO/TiO2 sample. Thus, the inverted structure allows more incident light through, leading to higher light intensity inside the active layer and more photocurrent generation (higher Jsc). In addition, due to the high refractive index of MoO3, the opaque top electrode of the inverted structure made of 20 nm MoO3 + 150 nm Ag reflects light back more efficiently to the active layer, causing even higher light intensity inside the organic blend layer. This means that for an inverted device, the cathode electrode (glass/ITO/TiO2) before the active layer is very transparent with low optical reflection properties, while the top metallic anode electrode (MoO3/Ag) is an excellent mirror so that the light intensity inside the device is maximized for the wavelengths where the active layer absorbs the most. The results of ellipsometry measurements, shown in Figure 4, confirm the above reasoning.



Based on single-junction devices previously described, tandem (multi-junction) devices can be generated. The most important challenge to address here is the middle electrode connecting the subcells. For all types of multi-junction, the interconnecting electrode must be protective against chlorinated solvents, avoiding any dissolving of the underlying subcells during the coating of the next subcell. In a series tandem (multi-junction) device, the middle electrode does not have to be conductive at all and it acts only as electron-hole recombination center. Therefore, in this work, a 20 nm MoO3 + 1 nm Ag + 3 nm TiO2 interconnecting electrode is used which is protective and optically very transparent. Such a structure can led to higher performances compared to single-junction subcells by improving the absorption of the device, thus covering a broader range of the solar light spectrum. In contrast, in a parallel tandem (multi-junction) solar cell, the middle electrode must be electrically very conductive (high sheet conductivity) to be able to extract photo-generated charges efficiently. Due to this requirement, a 20 nm MoO3 + 15 nm Ag + 20 nm MoO3 interconnecting layer is used here, due to the lack of a needed sputtering tool for deposition of a more transparent electrode such as ITO. It is a protective electrode but optically is much less transparent due to the presence of a 15 nm silver (Ag) layer. A metallic layer is very absorbing, especially for longer wavelengths. A tandem (multi-junction) device based on a top subcell with maximum absorption at the same region (DPPx polymer in this case) will limit the power conversion efficiency. The multi-junction series and tandem parallel devices are demonstrated in Figure 5. The series tandem device is based on a 150 nm thick PCE10:PC70BM active layer for all subcells showing summation of their open-circuit voltages (Voc). Since all subcells in series multi-junction cells have the same absorption spectra, the efficiency of an optimum single-junction device could not be improved. However, at a later stage, just by changing the active layer of the top cell to DPPx:PC7BM film, an optimum series tandem device is presented. The bottom subcell of the parallel tandem solar cell was made of 190 nm thick PCE10:PC70BM, and the thickness of PCE10:PC70BM of the top sub-cell was varied to find an optimum output. When the active layer of the top subcell is 90 nm thick, an optimum parallel tandem device with total thickness of 280 nm (sum of active layers of bottom and top subcells) is achieved, which has a little more efficiency than an optimum single-junction device based on 260 nm PCE10:PC70BM due to a higher photocurrent (Jsc) and better fill factor (FF).



In series multi-junction devices, open-circuit voltages of subcells combine, but note that not each subcell will have the same open-circuit voltage of about Voc = 0.8 Volt as the single-junction device. The higher the number of subcells stacked onto each other, the larger the deviation from the single-junction solar cell’s open-circuit voltage. Only the bottom cell (the first cell) is illuminated with 1 sunlight intensity; the following subcells are illuminated under lower light intensities due to light absorption of the underlying subcells, and therefore their open-circuit voltages will be reduced. With regard to the fill factor of the multi-junction device, the difference in light intensities also plays a role. To explain the measurement results of series tandem (multi-junction) devices shown in Figure 5, it is necessary to address the behavior of organic solar cell fill factor (FF) and open circuit voltage (Voc) under lower light intensities [42]. To do so, a well-known P3HT:PC60BM solar cell was made with inverted structure, using the same configuration as is used in series multi-junction device subcells. The organic layer thickness was 350 nm, and the solar cell was measured under different light intensities by inserting neutral density filters between the solar simulator (Abet) and the device. Figure 6 shows that when the solar cell is illuminated with a lower light intensity, the photo-generated current (Jsc) decreases linearly (Figure 6a), but the fill factor increases (Figure 6c) due to two mechanisms: lower charge carriers lead to less recombination inside the active layer and at the interfaces, and the resistivity of the buffer layers and electrodes are less pronounced because they have to transport lower currents. The 3-fold junction device shows a very high fill factor, larger than both single and tandem devices. However, the 4-fold junction device shows again a reduction of fill factor. We speculate that the light intensity of the last subcell is too low, and in practical terms acts as an additional resistor which increases the series resistance of the whole device causing lowering of the fill factor (FF). The open-circuit voltage (Voc) of the solar cell also decreases under lower light intensity conditions (Figure 6b) [43,44]. This effect is in harmony with observations of voltages of multi-junction devices. To provide more insight into the optical properties of the middle electrode of the parallel tandem device, the optical transmissions of 15 nm metallic electrodes (Au, Ag, and Al) are shown in Figure 6. The absorption properties of those typically used electrodes, especially for longer wavelengths, provides motivation to use transparent conductive electrodes, such as ITO, for more optimized and higher-performance devices.



An optical simulation was performed, as demonstrated in Figure 7a,b, to find the optimum region of bandgaps for active layers of subcells of a tandem device for both series and parallel configurations. These simulations represent the upper limit with modest assumptions regarding individual cell performance ((Voc = Eg − 0.6 eV)/e, EQE = 65%, IQE = 85%, and FF = 65%). Figure 7a,b shows the maximum theoretically achievable efficiencies for tandem cells connected in either series or parallel as a function of the bandgap of the active materials used for the front and back cell. Note that we assumed a very transparent middle electrode for both series and parallel configurations during the simulations. The maximum achievable efficiency is around 15% for a series combination of materials strictly restricted to the darkest red area in Figure 7a,b (1.4 eV < Eg subcell 1 < 1.7 eV; 1.1 eV < Eg subcell 2 < 1.5 eV). The optimum bandgap of the front cell should be between 1.4 and 1.7 eV, while the bandgap of the back cell should be between 1.1 and 1.5 eV (best for Eg subcell 1 = 1.66 eV; Eg subcell 2 = 1.33 eV). For this work, commercially available PCE10 and DPPx polymers were used. Before attempting the fabrication of tandem cells with varying thickness of the photoactive films for the front and the back cell, we combined an electrical and optical model in order to be able to predict the best layer thickness for the highest performance in a tandem cell based on the real performance of each single cell with inverted structures, since they show a higher performance over conventional polarity. The transparent ITO electrode is used for electron extraction by applying 3 nm solution-processed TiO2 as the interlayer. Followed by the photoactive layer, the device is finished with a top contact of 20 nm MoO3 and 150 nm Ag. Figure 7c,d shows that the experimental work and device measurements under 1 sun illumination are in harmony with theoretical simulations showing that thicknesses of 160 nm PCE10:PC70BM film for the bottom cell and 90 nm DPPx:PC70BM layer for the top cell are optimum values leading to maximum performance of PCE = 10.6%, which is higher than all performances of all types of single-junction devices presented in this work.



It is important to note that the previous models used to calculate the maximum achievable efficiency as a function of the bandgap of both active films predicted a PCE for this combination of materials of around 15%. These numbers are well above the efficiencies reported for single cells here, thus the effort to attempt tandem is justified. However, the combination of the electrical and optical model predicts a maximum efficiency of 11%, providing the optimum thickness for each case. The latter refers to a more realistic situation, since the former assumes an FF and a constant EQE of 65% which, as we have seen, is not always strictly achievable in single experimental devices, and even more difficult when they are implemented in tandem.




4. Conclusions


Buffer layers made of metal oxides can provide the necessary properties to generate single- and multi-junction solution-processed organic solar cells. Titanium dioxide (TiO2) dispersion processed at room temperature as an electron transport layer can be readily utilized for all types of devices with different configurations. The thermally evaporated molybdenum oxide layer (MoO3) as hole transporting layer was mechanically dense (closed layer) and chemically stable enough to protect the subcells during solution processing of the active layer precursor with chlorinated solvents. They provide well-matched electrical energy levels leading to proper selectivity of the electrode and good protection properties. This result was possible only by paying close attention to details such as controlling the temperature and moisture conditions for TiO2 dispersion or deposition steps, such as a very low evaporation rate and using a crucible for deposition of thermally evaporated MoO3. A single-junction organic solar cell with inverted structure has higher performance mainly due to higher photocurrent generation caused by the highly transparent bottom and highly reflecting top metallic electrode. For high performance tandem (multi-junction) solar cells, the interconnecting electrode must be very transparent and active layers of subcells must have non-overlapping absorption spectra. By combining optical and electrical simulations with a lot of experimental effort, an optimized series tandem device is presented with high performance of PCE = 10.6%, which was more efficient than all single-junction structures. The limited performance reported here, compared to recent higher efficiencies in the literature, was due to the lack of optimized state-of-the-art organic materials. By utilizing identical device structures to those reported here, and better donors and acceptors, much higher performances can be achieved. To make the parallel tandem structure as efficient as the series configuration, a conductive but transparent electrode such as ITO has to be used instead of metallic layers. Note that, besides power conversion improvements, the high stability (long lifetime) is a very important issue to consider for commercializing such a technology.
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Figure 1. Device structures of (a): inverted and (b) conventional single-junction polymer: fullerene solar cells are shown. 
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Figure 2. Device structures of (a): parallel and (b) series tandem polymer: fullerene solar cells are shown. 
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Figure 3. (a) Single junction opaque device with inverted structure based on PCE10:PC70BM blend with different thicknesses demonstrating optimum thickness of 260 nm, (b): single junction opaque device with conventional structure demonstrating different cathode combinations, (c) external quantum efficiency (EQE) of the inverted devices with PCE10:PC70, DPPx:PC70BM, and DPPx:PC60BM active layers, (d) single junction opaque inverted device based on 90 nm DPPx:PC70BM or DPPx:PC60BM. Insets show the chemical structures of materials used in the active layer. 
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Figure 4. (a) Ellipsometry data demonstrating the refractive indexes (n) of both buffer layers, (b) optical transmission of substrate with transparent electrode ITO and both buffer layers are demonstrated. It is clear that the high refractive index of the MoO3 layer leads to lower optical transmission causing lower light intensity within the device with conventional structure compared to the inverted configuration. 
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Figure 5. (a) Series multi-junction devices all based on 150 nm PCE10:PC70BM organic active layer, demonstrating the capability of the metal oxide-based device structure and proper summation of open-circuit voltages of subcells, (b) parallel tandem device based on 190 nm thick PCE10:PC70BM film and the same active layer material of the top subcell but with different thicknesses demonstrating improved short-circuit current and higher power conversion efficiency than a single-junction device when 90 nm thick PCE10:PC70BM is used. 






Figure 5. (a) Series multi-junction devices all based on 150 nm PCE10:PC70BM organic active layer, demonstrating the capability of the metal oxide-based device structure and proper summation of open-circuit voltages of subcells, (b) parallel tandem device based on 190 nm thick PCE10:PC70BM film and the same active layer material of the top subcell but with different thicknesses demonstrating improved short-circuit current and higher power conversion efficiency than a single-junction device when 90 nm thick PCE10:PC70BM is used.



[image: Coatings 14 00525 g005]







[image: Coatings 14 00525 g006] 





Figure 6. (a) Current/Voltage (JV) characteristics of a single-junction P3HT:PC60BM solar cell under different light intensities showing linear reduction of photo-generated current (Jsc), (b) non-linear behavior in reduction of open-circuit voltage (Voc) for lower light intensity, (c) increase in fill factor at lower illumination intensities, (d) optical absorption of 15 nm metallic electrodes. 
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Figure 7. Power conversion efficiency as a function of the bandgap of the absorbing materials used for the front (Eg subcell 1) and back (Eg subcell 2) cell in (a) 2-terminal series connection and (b) 3-terminal parallel connection, (c) by assuming that each absorbed photon is contributing to the current density (charge collection efficiency = 1), the tandem efficiency is calculated considering determined charge collection efficiencies, measured single cell open circuit voltages, and a realistic fill factor, (d) the current-voltage measurements of semitransparent inverted PCE10:PC70BM (160 nm thick) bottom cell, inverted opaque DPPx:PC70BM (90 nm thick) top cell, and 2-terminal tandem device are demonstrated under 1 sun illumination intensity. 
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