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Abstract

:

It is necessary to develop semitransparent photovoltaic cell for increasing the energy density from sunlight, useful for harvesting solar energy through the windows and roofs of buildings and vehicles. Current semitransparent photovoltaics are mostly based on Si, but it is difficult to adjust the color transmitted through Si cells intrinsically for enhancing the visual comfort for human. Recent intensive studies on translucent polymer- and perovskite-based photovoltaic cells offer considerable opportunities to escape from Si-oriented photovoltaics because their electrical and optical properties can be easily controlled by adjusting the material composition. Here, we review recent progress in materials fabrication, design of cell structure, and device engineering/characterization for high-performance/semitransparent organic and perovskite solar cells, and discuss major problems to overcome for commercialization of these solar cells.
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1. Introduction


Rapid increase in industrialization and world population has sparked a strong demand for sustainable energy sources that can replace fossil fuels. In recent years, searching for environmental-friendly energy sources has been recognized as one of the most challenging issues in the scientific and engineering research fields. Among them, solar energy has received strong attention as one of the most promising candidates because it is clean, infinite, and relatively accessible. However, the main obstacle to overcome for further growth of the solar energy market and the spread of its technologies is the insufficient energy harvesting of the solar irradiation. One way to increase the energy harvesting is to incorporate semitransparent photovoltaic modules (PVMs) into transparent surfaces of high-rise buildings and automobiles or window panels in individual homes.



Currently, Si is a principal material for semitransparent photovoltaic products most available in the solar cell market [1]. A crystalline Si (c-Si) solar cell is usually placed on glass for semitransparency, and is manufactured by employing a technique of partial shading. Due to the opaqueness of c-Si cell, the transparency and electrical output can be adjusted by controlling the space between the cells of the panel. The light is transmitted through the exposed area of semitransparent photovoltaic c-Si panels during the generation of the electricity. Maximum power conversion efficiency (PCE) of c-Si solar cells is currently very close to 26.7% [2], but to achieve this, the active layer should be thick due to the low absorption coefficient of Si, as shown in Table 1 [3,4]. Despite high performance of c-Si PVMs, they are not aesthetically appealing due to the limitation in the color selection, originating from the inherent absorption characteristics of Si. The c-Si PVMs for power generation of buildings are therefore placed on the ceilings/roofs instead of the sidewalls. For the use of semitransparent photovoltaic cells for the sidewall windows of buildings, their solar energy density should be enhanced. On the other hand, the semitransparency of dye-sensitized solar cells (DSSCs) was first demonstrated by using porous TiO2 nanoparticles (NPs) in 1991 [5]. After that, many researchers have been intensively studying DSSCs [6,7,8,9,10,11,12] due to their potentially-high semitransparency [13]. In general, the TiO2/fluorine-doped tin oxide (FTO)/glass photo-anode offers high average visible light transmittance (AVT) of >80% at micron-level thicknesses for 10–20 nm TiO2 NPs, but the mesoporous TiO2 photo-anode contains a number of grain boundaries, leading to poor charge transport, thereby degrading the device performance [14]. Furthermore, the liquid nature of the materials used in DSSCs still induces several problems due to the leaks [15], which requires solid-state conductors to be substituted for the liquid ones for their practical applications, a tough challenge at the moment.



Semitransparent PVMs employing using organic solar cells (OSCs) and perovskite solar cells (PSCs) are recently highly attractive due to their high absorption coefficient. Organic semiconductors are inherently excitonic with high absorption intensity in the wavelength rang of 250 to 350 nm, originating from the intramolecular charge transfer (ICT) within the organic molecules or polymers. By changing the chemical arrangements, the ICT absorption occurs in near infrared (NIR) region, resulting in considerably-high transparency in the visible region [16,17]. Compared to OSCs with low charge carrier mobility and efficiency, PSCs are recognized as a major breakthrough in view of cost. PSCs showed a certified efficiency of 22.7% due to their high extinction coefficient [18], high mobility of charge carriers [19], small binding energy of excitons [20], long diffusion length of charge carriers [21], and solution processability [22]. Based on these considerations, semitransparent OSCs and PSCs have great potentials for power generation that promises flexibility, neutral coloring, and pleasant appearance when there are assembled on windows, foldable curtains, automotive windshields, and other architectural and fashionable items.



This review focuses on the recent studies of semitransparent OSCs (STOSCs) and semitransparent PSCs (STPSCs), including their transparent electrodes and harvesting materials. Unlike opaque cells, the performance characteristics of STOSCs and STPSCs strongly depend on the optical parameters affecting not only the PCE but also the visual comfort. Despite several review papers on this topic, most of them dealt with single-junction cells and some of them were biased to STOSCs or STPSCs [23,24,25,26], but this review covers a wide range of multi-junction cells as well as single-junction ones. Table 2 and Table 3 provide overview for the progress of semitransparent photovoltaic cells.




2. Figure of Merits for Characterizing Semitransparent Solar Cells


Semitransparent photovoltaic windows are considered as an effective solution for balancing between energy generation and visual comfort by integrating photovoltaic cells into existing and new buildings. Visible light is only part of the total solar irradiation, whose power is spectrally distributed in the 380–780 nm range. The solar power distribution of the light transferred to buildings and houses through the transparent window has a big influence on visual comfort of humans. Other parameters in addition to PCE, such as AVT, transparency color perception, corresponding color temperature, and color rendering index (CRI) should be evaluated for optimizing semitransparent solar cells (STSCs). Semitransparency of photovoltaic cells provide wide varieties in the color selection from light source, which allows residents to enjoy outside scenes with natural colors.



2.1. Average Visible Light Transmittance


The AVT can be estimated from the averaged transparency of a cell in the visible wavelength range of 400 to 700 nm, considering the spectral response of the human eye. The transmittance required for semitransparent photovoltaic cells depends on where they are actually used, but it is generally accepted that 20–30% AVT is the minimum requirement for the window applications [86]. To further evaluate the sensed transmittance, the measured transmittance spectrum of STSCs should be calibrated with respect to human sensitivity for obtaining their lightness or visible light transmittance. The spectrum integral value of the visible light transmitted through the semitransparent photovoltaic devices corresponds to the light recognized by the human eye [87,88]. In addition, the color of STSCs is generally determined by the photoactive layers and electrodes.




2.2. Transparency Color Perception


The optical perception of STSCs by human eye was first taken into account in 2010 [87] because their transparency color perception by human eye is usually different from that disclosed by measurements. International Lighting Commission (CIE) 1931 xy chromaticity diagram, specially established for color perception by humans, can be used to characterize the transparency color of STSCs. The transparency color recognition of STSCs is determined by calculating the color coordinates (x, y, z) from their transmittance pattern, based on the CIE 1931 xyz standard [89]. In fact, the sum of x, y, and z is equal to 1 so that the color coordinates can be simplified to two-dimensional coordinates (x, y). Standard daylight illuminant D65 and air mass 1.5 global (AM 1.5G) solar spectrum are typically selected as reference light sources (incident light) for evaluating the color parameters of STSCs. Even if colorful STSCs can be useful for the decoration, neutral-color STSCs with color coordinates close to “white point” (0.3333, 0.3333), illuminant D65 (0.3128, 0.3290) and AM 1.5G light (0.3202, 0.3324) are usually taken for window applications because the environmental lighting condition is almost not changed [90].




2.3. Corresponding Color Temperature


The human eye can adjust white light perception to any virtual blackbody radiator. The absolute temperature of the black body (full radiator) having the chromaticity closest to that of the white light source color is defined as the correlated color temperature. Chromaticity point cloud group with the same color temperature exists on the black body locus. That is, even though the correlated color temperature is the same, the chromaticity is not the same. In this case, the degree and direction deviating from the blackbody locus are displayed together with the color temperature. The color temperature of the light source at the closest point on the Planckian orbit is referred to as the corresponding color temperature when the color coordinates are in CIE 1931 color space chromaticity.




2.4. Color Rendering Index


As another important parameter, the color rendering properties of STSCs cannot be simply determined from their transparency perception. Therefore, color rendering index (CRI) should be evaluated for presenting the degree of the variation between the transmitted and the incident lights for the cells. The CRI of a STSC is evaluated from the transmitted light, following the standard CIE procedure, and is scaled from 0 to 100. Higher CRI indicates better color rendering capacity, i.e., higher neutral color degree. In other words, the higher the CRI, the more the transmitted light that can adequately represent the color, and the lower the CRI, the less the ability to express color. The CRI of STSCs is influenced by a number of factors such as device architecture, active material, and electrode transmittance. Several methods have been employed to improve the CRI of STSCs. For example, the use of the materials with low band gap [45,46] or complementary optical absorption [63] and the combination of dyes for the active layer [90] have been proposed, but most CRI values must be compromised with the device compliance. Recently, a new strategy has been developed to improve the CRI of STSCs while maintaining the device performance. In this approach, a reflective layer was located on top of the semitransparent metal anode of OSCs, resulting in a CRI close to 100% [91].





3. Semitransparent Organic Solar Cells


Unlike inorganic solar cells, the OSCs have inherent advantages that can provide a wide range of functional abilities for semi-transparent PVMs. Especially, the color of STOSCs can be changed controlled by varying the components of the photoactive layer, useful for aesthetic architectural applications in electric windows of buildings and automobiles [16,92,93]. The transmittance of STOSCs is typically characterized by an AVT measured in the visible range of 370 to 740 nm. For semitransparent solar cells, the front and back electrodes must be transparent, and it is therefore important to develop high-transparency/low-sheet-resistance transparent conductive electrodes (TCEs) that can be easily prepared on the photoactive layer. The material/device design is also essential for achieving high-performance STSCs. For example, theoretical expectations for selecting the photoactive layer and determining the thickness of the electrode are required to obtain optimized current density (Jsc) [94]. Simulating the optical field distribution of the cell while varying the thickness of photoactive layer can help optimize the electrical and optical performance of the cell [95].



The TCEs of STOSCs serve to transmit the light, to transfer the carriers to the photoactive layer, or to provide a distributed electric field by which the carriers transport [96]. Recently, many studies have focused on the development of transparent conductive oxide (TCO)-free TCEs such as conductive polymers, carbon nanotubes (CNTs), graphene, ultra-thin metal films, and metal nanowires (NWs). The TCO-free TCE-based STOSCs are discussed in the following sections.



3.1. Transparent Conductive Electrodes for Semitransparent Organic Solar Cells


3.1.1. Transparent Conducting Polymers


Transparent conductive polymers are regarded as attractive electrodes for STOSCs because they can be prepared on a large area in an easy and simple way. In particular, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) among various transparent conductive polymer electrode materials have been intensively employed for STOSCs [97,98]. Recently, a structure of PEDOT:PSS CPP 105D (H.C.Starck GmbH, Goslar, Germany) (CPP-PEDOT:PSS)/poly(3-hexylthiophene) (P3HT):phenyl-C61-butyric acid methyl ester (PC61BM)/ZnO/indium tin oxide (ITO) for STOSCs has been studied by using ITO and PEDOT:PSS as the bottom cathode and the top anode, respectively, thereby showing a PCE of 2.4% [27]. In another approach, an ITO/polyethylene oxide (PEO)/poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(4,7′-di-2-thienyl-2′,1′,-3-benzothiadiazole) (APFO3):PC61BM/low-conductive PEDOT:PSS P VP Al 4083 (PEDOT-EL)/PH500 PEDOT:PSS-type OSC employing PEO as a reflector has exhibited a PCE of 0.7% [28]. In the same structure, by inserting poly(allylamine hydrochloride)-dextran between the PEDOT:PSS electrode and the active layer and changing the active layer with P3HT:PC61BM, the PCE increased to 1.86% [29]. When P3HT:IDT-2BR (non-fullerene acceptor) as a photoactive layer and PH1000 PEDOT:PSS as a top electrode were used for semitransparent, non-phenylene, and flexible OSCs, resulting PCE and AVT were 2.88% and ~50%, respectively, as shown in Figure 1 [30]. These results show the possibility of further progress in the performance of the STOSCs with transparent conducting polymer electrodes in near future, but the improvement may be limited due to the inherently-low conductivity (high sheet resistance) of the transparent conducting polymers.




3.1.2. Carbon Nanotubes


CNTs are attractive for flexible electrodes due to the uniform transparency in the entire visible wavelength range, intrinsically excellent electrical characteristics, high flexibility, and simple solution process at room temperature [99,100]. The resistance of a CNT network is determined by the contact resistance between the CNTs and their individual resistance, depending on length, diameter, metallic/semiconducting volume ratio, synthesis method, and purity. In addition, the surface roughness of CNT films is another major factor as a TCE for OSCs because it can result in significant shunt resistance loss. Recently, free-standing multi-walled-CNTs (f-MWCNT)-based STOSCs have been fabricated by depositing f-MWCNTs on the active layer by room-temperature self-laminating process [31], as shown in Figure 2a. Figure 2b shows current density-voltage (J-V) curves of the zinc phthalocyanine (ZnPc):C60-based STOSCs as a function of hole transfer layer (HTL) thickness, resulting in 60% FF and 1.5% PCE at a HTL thickness of 20 nm. In another approach, STOSCs with CNT film TCE and P3HT:PC61BM as the active layer showed 2.48% PCE and 60%–80% transmittance in the NIR region [32]. As a different structure, MoO3/PTB7: [6,6]-Phenyl-C71-butyric Acid Methyl Ester (PC71BM)/ZnO/ITO-type STOSCs employing single-wall CNTs exhibited 1.8% PCE and ~80% transmittance in the visible light range of 400 to 800 nm [33]. Figure 2c shows fabrication processes of STOSCs using CNTs p-type-doped by two steps: HNO3 doping through ‘sandwich transfer’ and MoOx thermal doping through “bridge transfer”. Resulting PCE of the STOSC using the thin-CNT with 90% transmittance in the visible light region was 3.7%, but the PCE was about 50% lower compared to non-transparent metal-based solar cells (7.8%).




3.1.3. Graphene


Graphene is very useful as a TCE for OSCs thanks to its inherently-high chemical/thermal stabilities, excellent mechanical properties, and small contact resistance with organic materials. Graphene can be fabricated by several techniques such as mechanical exfoliation, laser-induced exfoliation, reduction of graphite oxide (rGO), unzipping of carbon nanotubes, chemical synthesis, and chemical vapor deposition (CVD) [101]. Among these, rGO and CVD are most promising in view of mass-production of flexible TCEs.



Recently, STOSCs using a top-laminated graphene electrode have been successfully fabricated without any damage in the underlying organic photoactive layer, as shown in Figure 3a [34]. The PCE of the STOSCs reached approximately 76% of what was obtained from the counterpart cells using opaque-type Ag metal electrodes. These results are promising in that low-cost STSCs can be fabricated by using graphene TCEs, and are possibly useful for power-generated windows and multi-junction or bifacial photovoltaic panels. As another approach, STOSCs with P3HT and PC61BM were fabricated by employing single-layer graphene and ITO as the top and bottom electrodes, respectively (Figure 3b) [35]. Here, the graphene electrodes were hybridized with Au NPs and PEDOT:PSS to enhance their conductance, resulting in a maximum PCE of 2.7% at a 20 mm2 area.



Figure 3c shows a different type of STOSC structure: graphene/PEDOT:PSS/PTB7:PC71BM/ZnO NP/PEDOT:PSS/graphene [36]. The AVT and maximum PCE of the STOSC are ~40% and 3.4%, respectively on both sides. The fabrication method for this cell is compatible with those of other photonic devices because almost all the procedures including transfer of film, spin coating, and lamination were done at low temperatures. Another OSC with a structure of ITO/TiO2/P3HT:PC61BM/PEDOT:PSS/graphene/Au grid/polyethylene terephthalate (PET) exhibited high light transmittance and small sheet resistance, resulting in 2.8% PCE on the graphene side [37].



Very recently, the use of p and n-type graphene TCEs for both electrodes of the STOSC improved conductivity while maintaining good transparency [63]. Figure 3d shows another STOSC consisting of triethylene tetramine (TETA)-doped graphene/ZnO/P3HT:PC61BM/PEDOT:PSS/bis-(trifluoromethanesulfonyl)-amide (TFSA)-doped graphene prepared following a simple solution process. The PCEs of 3.30% and 3.12% were obtained by the irradiation through TFSA-doped and TETA-doped graphene surfaces, respectively, and the transmittance was 30%–40% at ~400 to 550 nm and 70% at ~650 nm. On the other hand, a flexible OSC on PET retained more than 99% of its initial PCE even after inner/outer bending at a curvature radius (R) of 6 mm [38].




3.1.4. Metal Nanowires


Metallic NWs were widely studied for the application as TCEs on flexible substrates due to their high transmittance, small sheet resistance, and excellent mechanical flexibility, especially useful for reducing the overall cost of the mass production [102]. For example, the Ag NWs electrode is a good alternative to ITO because the energy payback time of the modules is reduced almost 17% by use of the former [103]. Recently, metal NWs as a TCE have received much attention due to their outstanding electrical and optical properties. Especially, Ag NWs are very useful as solution-processable TCE for the application in the STOSCs [104,105,106,107,108,109] STOSCs were also fabricated using laminated Ag NWs meshes without damaging the photoactive layer in 2010 [39], thereby showing an AVT of 26% in the spectral range of 400 to 800 nm and a low PCE of 0.63%.



Recently, there has been a report on P3HT:PC61BM-based STOSCs with Ag NWs as a top electrode [40], whose performance (PCE: 2.1%) was comparable to that of an OSC with thermally-evaporated Ag electrode (PCE: 2.6%). More interestingly, the STOSCs exhibited nearly same optical and device-performance characteristics under illumination on both sides. The OSCs with Ag NWs as both electrodes, completely processed by solution treatment [41], showed 2.2% PCE and 30% transmission at a 550 nm wavelength. In particular, they exhibited almost same transmittance in the ultraviolet (UV)-vis-NIR range, not available when ITO was used as one of the electrodes, demonstrating better optical characteristics of Ag NWs. These results indicate important technological progress for fully printed OSCs and further suggest that ITO-free STOSCs can be successfully fabricated.



In another approach, Ag NWs and PH1000 PEDOT:PSS film were employed as both electrodes for translucent and ITO-free OSCs fully solution-processed on P3HT:PC61BM [42]. Figure 4a shows the real image of the OSC fabricated at low temperature, whose transmittance is approximately 55% at wavelengths longer than 650 nm without absorption of the P3HT:PC61BM active layer, as shown in Figure 4b, resulting in 2.3% and 2.0% PCEs under the illumination at the cathode and anode sides, respectively (Figure 4c). This performance is comparable to that of STOSCs with ITO bottom electrodes [34]. To exclude possible damage of the underlying organic photoactive layer by the TCE, the OSCs were produced by using spray-coated Ag NWs-based composites [43]. Here, the used photoactive material was sensitive to the light in the NIR range, but highly transparent to visible light. Figure 4d shows a schematic and a photo image of the cell with a PCE of 4% and a maximum transparency of 66% at 550 nm, as shown in Figure 4e,f. Inkjet printing technique was employed to fabricate Ag NWs electrodes from Ag NWs solutions [44]. The printed Ag NWs mesh showed similar uniformity, conductivity, and transmittance with Ag NW films prepared by conventional methods such as slot die or spray coating. In this study, STOSCs using bulk heterojunction (donor (PV2000): acceptor (PC71BM)) as the active layer and ink-jet-printed Ag NWs mesh as both electrodes showed 4.3% PCE at a 1 cm2 area and about 10% transmittance in the visible range.



As mentioned above, TCEs play an important role in determining the photovoltaic performance of STOSCs. The TCEs such as conducting polymers, CNTs, graphene, and Ag NWs have greatly improved the performance of the STOSCs, but there still remain many issues for further optimization because all the TCEs have trade-off correlations between their sheet resistance and transmittance. For example, STOSCs with high-transmittance/low-conductivity TCEs exhibit excellent transmittance but poor device performance whist those with low-transmittance/high-conductivity TCEs are operated to the contrary. Especially, the conductivity of conducting polymers, CNTs, and graphene are still low despite their excellent transmittance, and therefore limits the performance of STOSCs. If the TCEs with sheet resistances similar or even better than those of TCOs while maintaining high transmittance are successfully developed, solar cells with excellent performance/transparency at the same time can be realized.





3.2. High Color Neutral Perception


In addition to transparency and efficiency as important factors for STOSCs, color perception should be also considered. Color perception is generally determined by photoactive layer materials and electrodes. The transparency color perceptions of STOSCs are described based on the CIE 1931 chromaticity diagram. The coordinates of the white light are (0.33, 0.33), and the closer to (0.33, 0.33) the color coordinates of the STOSCs, the better their color neutrality [16]. The maximum photopic (vision in bright light) and scotopic (vision in dim light) sensitivities of human eye are at 555 and 507 nm respectively. Therefore, the key idea of designing STOSCs is to completely utilize the solar illumination in NIR region by transmitting the light in the range of 400 to 600 nm, most sensitive to human vision [110].



3.2.1. Photoactive Layer Materials


It is important to select photoactive layer materials with strong absorbance in the UV and NIR range to obtain high Jsc and PCE from STOSCs with reasonable visible transparency. Recently, efficient STOSCs were successfully fabricated using a blend of poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7diyl] (PSBT BT) polymer donor and PC71BM acceptor with long-term absorption power in the IR region, as shown in Figure 5a [45]. The transparent color recognition of the STOSCs was very close to white light (Figure 5b), as confirmed by the color coordinates obtained from the transmission spectrum. Moreover, the STOSCs exhibited remarkable rendering characteristics together with overall PCE of 3%. Another kind of STOSC was fabricated using a photoactive layer composed of low-bandgap polymers [46], thereby showing grayish or neutral color appearance due to the complementary and balanced absorption of the active layers [poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0] dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PBDTT-C-T) and PC71BM]. As the reflective Ag electrode thickened from 6 to 60 nm, the average visible light transmittance and PCE varied from 36% to 2% and 4.25% to 7.56%, respectively. Furthermore, the CRI of the STOSCs was shown to be close to 100, promising for their power-generating window applications.



As a different method, STOSCs were fabricated by employing a photoactive layer of poly(indacenodithiophene-co-phenanthro[9,10-b]quinoxaline) (PIDT-PhanQ):PC71BM [16]. The STOSCs with a 30 nm Ag cathode exhibited 5.1% PCE, about 25% AVT, and good color recognition close to white light. Other groups used blade coating technology to fabricate a series of STOSCs using different polymer donors [47]. The STOSCs with 6-bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl) thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene (PBDTTT-CT):PC71BM and poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b0]dithiophene-2,6-diylalt-(4-(2-ethylhexyl)-3 fluorothieno [3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTTT-EFT):PC71BM showed transparent color recognition close to white based on standard light source D65 with CRI of 95.4 and 87.1, respectively. The STOSCs using PBDTTT-CT:PC71BM and PBDTTT-EFT:PC71BM showed 5.2%/3.8% and 5.6%/5.3% PCEs at active area of 0.04/10.8 cm2, respectively. More recently, a small-bandgap electron acceptor (ATT-2) was blended with a polymer donor poly[[2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene][3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-Th) to fabricate nonfullerene STOSCs [48]. Figure 5c shows complementary absorption spectrum of the photoactive blend film, useful for improving the light harvesting, resulting in the increase of Jsc. The STOSCs exhibited excellent color rendering with color coordinates of (0.2805, 0.3076), correlated color temperature of 9113 K, and excellent CRI of 94.1. In addition, the AVT and PCE increased to 37% and 7.74%, respectively due to absorption of light up to the NIR region, as shown in Figure 5d,e.



As a simple approach, ITO-free OSCs were fabricated by employing hybrid top and bottom electrodes and ternary polymer:fullerene photo-active layers [49]. Here, the polymer:fullerene absorber blend poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3‴-di(2-octyldodecyl)-2,2′;5′,2″;5″,2‴-quaterthiophen-5,5‴-diyl)] (PffBT4T-2OD):PC61BM:PC71BM and all other functional layers, which are high-efficiency tertiary polymers as active layers, were prepared using a doctor blade method from non-halogenated solvents to meet industrial device manufacturing requirements. Figure 5f shows a schematic diagram of the completed STOSC with maximum PCEs of 6.6% and 5.9% on active areas ≤0.1 cm2 and >1 cm2, respectively (Figure 5g) and 13% peak transparency at 515 nm (Figure 5h). Unlike conventional methods, flexible transparent OSCs using graphene TCEs as both anode and cathode were recently prepared based on a device structure of graphene/PEDOT:PSS/ZnO/poly[2,7-(5,5-bis-(3,7-dimethyl octyl)-5Hdithieno[3,2-b:20,30-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)] (PDTP-DFBT):PC61BM/MoO3/graphene, thereby showing 3.7% PCE and 54% AVT in the visible regime (400–650 nm) [50]. The PCE was almost invariant after 100 cycles at R = 1.2 mm. As another approach, a highly efficient STOSC device was fabricated based on a novel polymer:non-fullerene (PBDB-T:ITIC) system [51], thereby showing optimized PCE > 7% with an AVT of 25%. These results suggest that optimizing the thickness of the active layer does not only allow images to be displayed accurately but also makes the STOSCs exhibit high efficiency/visible light transmittance. On the other hand, a combination of a cathode modified with transparent ZnMgO and a thin MoO3/Ag anode yielded stable and efficient STOSCs with clear color recognition [52]. In this device, the PCE/AVT, controlled by the thickness of the Ag electrode, was 6.83%/21.6% and 8.58%/0.6% at Ag thicknesses of 10 and 50 nm, respectively. In addition, this method resulted in long-term device life due to the barrier effect on oxygen and water. More importantly, the STOSCs showed a very-long life span, i.e., high PCE of 7.02% even after two-year storage. These results may provide a useful way for developing STOSCs with high efficiency, long lifetime, and excellent color recognition for practical applications. Recently, another group designed and synthesized “IEICO-4Cl”, a nonlelerene receptor with ultra-low band gap, and produced blend films with other polymer donors (poly[4-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl) benzo[1,2-b:4,5-b′]dithiophen-2-yl)-5,6-difluoro-2-(2-2hexyldecyl)-7-(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole] (J52), poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl) benzo [1,2-b:4,5-b′] dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)] (PBDB-T), and PTB7-Th) [53]. The colors of the blend films such as J52:IEICO-4Cl, PBDB-T:IEICO-4Cl, and PTB7-Th:IEICO-4Cl could be adjusted from purple to blue and cyan, resulting in 10.1%/35.1%, 9.7%/35.7%, and 10.3%/33.5% PCE/AVT, respectively. These results suggest that design and use of ultralow-bandgap nonfullerene acceptor can be an efficient route for enhancing the photovoltaic parameters of STOSCs.




3.2.2. Photonic Crystals


The TCE absorbing only a fraction of the incident light and thinner photoactive layer should be used to maintain overall transmittance of STOSCs. The trade-off between the transmission and the absorption is the main factor for determining the PCE of STOSCs, in contrast with their opaque counterparts. A light-trapping approach should be therefore employed to improve the PCE of STOSCs. Chalesteric liquid crystals were developed in 2011 as an organic wavelength-dependent reflector, which can be fabricated by solution treatment for STOSCs [111]. The cholesteric liquid crystal can be properly adjusted to reflect the light only in the spectral range compatible with that absorbed by the photoactive layer and transmit the light in the other wavelength range. Then, the unabsorbed light that can produce photocurrent (PC) are reflected and reabsorbed by the photoactive layer, resulting in the increase of PC and PCE without reducing the transparency. The PCE was 6% increased when the spectral range of the light reflected by the cholesteric liquid crystal was matched to that absorbed by the cell.



Photonic crystals are nanostructured materials with the dielectric function periodically modulated, which can be employed as a distributed Bragg reflector in OSCs for enhancing the light capture [112,113,114,115]. To trap NIR and near-UV photons for the OSC, another group introduced a new approach for employing aperiodic photonic crystals in 2013 [88]. The photon manipulation by the nonperiodic 1D structure was very effective for enhancing the light harvesting of the STOSCs to 77% of what was achieved from the opaque counterpart cells. By the light trapping technique, the STOSCs exhibited 5.6% PCE and ~30% luminosity. In other study, one-dimensional photonic crystal (1DPC) was prepared on top of the Ag anode for STOSCs as a distribution reflector [54]. By this approach, the PCE has improved by 28% (absolutely from 1.92% to 2.46%) due to high reflectivity close to 100% at 580–780 nm. The AVT of 40% was maintained over the remaining visible wavelength range of 380–580 nm, and this was 33% improvement compared to the cells without 1DPCs. Subsequently, a series of translucent OSCs were fabricated to show further-enhanced PCE and transmittance using 1DPCs as reflectors [55,56,95,116,117,118]. In other report, the fullerene blends were successfully sandwiched between a bottom 1DPC and a top solution-processed highly-conductive PEDOT:PSS, as shown in Figure 6a [55]. Resulting PCE and Jsc were 5.20% and 12.25 mA·cm−2, respectively, 37% and 38% rises compared to the OSCs without 1DPC and highest ever known for inverted OSCs with highly-conductive PEDOT:DOT layer at the illumination side.



Recently, high-quality hybrid Au/Ag transparent top electrodes and 6 pairs of fine-tuned dielectric mirrors (DMs) were employed for inverted OSCs with PTB7-Th:PC71BM, as shown in Figure 6b [56], showing a maximum PCE of 7.0% with an AVT of 12.2%. This PCE was highest ever reported for translucent PSCs as well as 81.4% of what was obtained from the opaque counterparts. Similar device design and processing methods were also successfully applied to flexible substrates, thereby achieving 6.4% PCE and 11.5% AVT. As a different method, 6 pairs of MoO3/LiF layers (60 nm for MoO3 and 90 nm for LiF, respectively) were used as reflectors to fabricate STOSCs, as shown in Figure 6c [57]. By the optimization of the reflector structure, enhanced light harvesting was obtained, resulting in an increase of Jsc from 8.1 to 10.9 mA·cm−2 (the increase of the PCE from 3.36% to 4.32%), caused by the enhanced reflection of the light in the wavelength range of 450 to 600 nm, corresponding to the wavelength range of the absorption by the active layer.



According to another approach, PTB7:PC71BM blend active material were employed to enhance the light trapping inside the STOSC [58]. The multilayer dielectric structure (MLD) of the STOSCs was made to improve external quantum efficiency in the UV and NIR wavelength range with the transparency in the visible region being almost unchanged [54]. In this study, two types of STOSCs (STOSC1 and STOSC2) and opaque cells (reference) were fabricated to better evaluate the photovoltaic performance of STOSCs (Figure 6d). The Jsc of the STOSC1 containing this cavity configuration was 10.7 mA·cm−2, 96.4% of what was obtained from the opaque counterpart cell, resulting in a PCE of 5.3%, comparable to that (5.9%) of the opaque cell. On the other hand, the Jsc of the STOSC2 was lower due to the lack of effective optical trapping effect.




3.2.3. Tandem Cells


Tandem OSCs have the advantage of maximizing the absorption of the solar energy by stacking two or more different cells that respond to different parts of the solar spectrum. The absorption, transparency, and efficiency of the cell can be also finely adjusted by constructing a series of stacks by introducing multiple of photoactive materials [59]. Two semitransparent sub-cell stacks were connected in parallel to enhance the PCE of OSCs in 2012 [60]. The total loss of light in the semitransparent tandem solar cells by the reflection, parasitic absorption, and transmission can be less than that in a single cell with the same photoactive materials. In this study, a new and efficient STOSC was constructed using polymer poly(3,3′-([(9′,9′-dioctyl-9H,9′H-[2,2′-bifluorene]-9,9-diyl)bis(4,1-phenylene)]bis(oxy))bis(N,N-dimethylpropan-1-amine)) (PFPA-1) modified ITO bottom cathode and high conductivity PEDOT: PSS PH1000 top anode, thereby showing PCE of 3.35% and 2.61% depending on the composition of the active layer with poly[N,N′-bis(2-hexyldecyl)isoindigo-6,6′-diyl-alt-thiophene-2,5-diyl] (P3TI):PC71BM and poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1):PC71BM, respectively. Furthermore, a series of tandem solar cells using two cells were also fabricated to exhibit an efficiency of 4.35%. In a different approach, semitransparent tandem OSCs were fabricated using graphene meshes and laminated Ag NWs, each of which was solution-treated for a transparent anode and a cathode, respectively (Figure 7a) [61]. In this study, the AVT was adjusted from 44.9% to 39.9% as the thickness of TiO2 increased from 5 to 20 nm, as shown in Figure 7b. In the same range of TiO2 thickness, the Jsc decreased from 7.62 to 5.90 mA·cm−2, resulting in the decrease of the PCE from 8.02% to 5.52%.



As a final issue, when the light was incident at the side of the graphene-mesh electrode, the PCE was remarkably enhanced to 8.02% with an average transmittance of 44.9%, but the irradiation from the stacked Ag NW side resulted in a PCE of 6.47% (Figure 7c). Alternatively, for the production of high-efficiency tandem STOSC, the same polymer donor blended with PC61BM and PC71BM were used as the active layer, as shown in Figure 7d [62]. The tandem cells using PIDT-phanQ and same middle-bandgap polymer showed a high open circuit voltage (Voc) of 1.71 V, thereby achieving a high PCE of 8.5%. Since the total active layer is very thin, the PIDT-phanQ can be used as a donor for very efficient semitransparent tandem cells. As shown in Figure 7e, around 40% AVT was obtained, promising for their use in power window applications. In addition, tandem architecture OSCs were configured to adjust the external appearance from visible transparency to semitransparency [63], resulting in 7.3% PCE and 30% AVT. Interestingly, the photovoltaic properties of these tandem OSCs did not differ significantly from those at the top and bottom lighting modes. As shown above, the trade-off relation between the transmittance and absorption of the photoactive layers affects the performance and transparency of STOSCs, and the related parameters should be therefore systematically adjusted through the improvement of the photoactive layer and the manipulation of the cell architecture.






4. Semitransparent Perovskite Solar Cells


PSCs have received much attention in recent years due to their high efficiency and low-cost solution processibility [119,120,121]. The photoactive layer of PSCs, organic-inorganic metal halide perovskites, can be prepared on flexible substrates by low-temperature solution treatment, similar to OSCs. The bandgap and thickness of perovskite films can easily be adjusted to be semitransparent in the visible region, especially useful for flexible and translucent PSCs. Considering the close correlation and strong similarities between planar PSCs and OSCs, this section will review the progress of the semitransparent planar PSCs to provide the reader with an overall understanding for the state of the art of this research field. The STPSCs are also highly attractive due to their potential applications in building integrated photovoltaics and smart glasses. The principal difference between STPSCs and STOSCs is the optically active layer. In general, the transparency of the perovskite film in STPSCs is smaller than that of the organic photoactive layer in STOSCs because the perovskite film is thicker and more absorptive. The transparency of the perovskite film can be enhanced by decreasing the surface coverage of the island structure or by simply reducing its thickness. In addition, the performance of STPSCs depends on the electrode type of the cell, similar to STOSCs.



4.1. Single-Junction Cells


4.1.1. General Trend


Typically, the device architecture of PSCs is classified as n-i-p (normal) and p-i-n (inverted) types in terms of what type of material is placed on the TCO such as FTO or ITO. A metal electrode with proper work function was used as the top electrode. Recently, microstructure array of the “island” perovskite for STPSCs were formed by dewetting process, as shown in Figure 8a [64]. Figure 8b shows a scanning electron micrograph (SEM) of top surface of a typical film composed of perovskite islands (paler regions) on a TiO2-coated FTO substrate. Figure 8c shows a photo image of a STPSC formed on glass. The correlation between the transmittance and the PCE of the cell was controlled by the surface coverage of the perovskite active layer. The average PCE is 7% when the perovskite surface coverage is 100%, but the AVT is 7% due to the low transmittance, as shown in Figure 8d. However, the cells with highest AVT of about 30% showed about 3.5% PCE. As another approach, a macroporous perovskite semitransparent film was aligned with FTO glass by a sacrificial polystyrene (PS) microsphere template [65] because the macropores inside the perovskite film was known to increase the light transmittance. Thus, the AVT in macroporous perovskite films was adjusted from 20% to 45% by simply changing the PS diameter and precursor concentration. The STPSCs optimized with the macroporous perovskite film showed 36.5% AVT and 11.7% PCE. All cells showed relatively-low Voc due to the poor shape and crystallinity of the perovskite film.



It was also possible to produce STPSCs with excellent transparency in the visible region by using copper thiocyanate (CuSCN) HTL to reduce the thickness of the perovskite film [66]. Figure 9a,b shows a schematic of a typical CuSCN HTL-based high-efficiency STPSC and its corresponding energy band diagram. Figure 9c shows the transmittance for various thicknesses of perovskite films coated on CuSCN/ITO coated glass, resulting in the variation of the PCE and AVT. The PCE increases from 3.39% to 7.73% as the thickness increases from 40 to 280 nm, but the AVT decreases from 35% to 10% in the same range of thickness (Figure 9d,e). In addition, the use of an extremely thin Au layer as an electrode helped minimize parasitic absorption, and the LiF capping layer played a decisive role in decreasing the energy loss through the specular reflection, resulting in the improvement of the transparency [67]. Consequently, based on a simple cell architecture without need for high temperature processes, the STPSCs showed the AVT close to 29% and highest PCE of 6.4%. In another method using a MoO3/Au/MoO3 top electrode, a STPSC with orange-brown color was successfully fabricated through perovskite thickness control [68]. This cell showed 5.3% PCE/31% AVT at 55 nm and 13.6% PCE/7% AVT at 290 nm. Another group developed STPSCs based on a structure of ITO/PEDOT:PSS/MAPbI3/PC61BM/C60/11-amino-1-undecanethiol hydrochloride/Ag [69]. Here, 110 nm thin perovskite film was used to show high performance of 8.2% PCE and 34% AVT. STPSCs were also fabricated using the island structure-MAPbI3−xClx-NiO composite and the interfacial modification with Al2O3/NiO layer [70]. Resulting performance was 10.06% PCE and 27% AVT together with excellent air stability over 270 days.




4.1.2. Use of TCO Electrodes


As mentioned above, the metal electrodes are limited in their use for improving the transmittance of STSCs. Since TCO has low resistivity and broadband transparency, it is expected that the efficiency and the transmittance of STPSCs can be improved if TCO electrodes are used at the both sides. Recently, STPSCs were fabricated based on a simple structure of FTO/TiO2/MAPbI3/hole transport materials and PEDOT:PSS/ITO [71]. The AVT and PCE of the cells were varied from 17.3% and 12.55% to 6.3% and 15.80% by adjusting the thickness of the MAPbI3 layer. Another group fabricated high-efficiency semitransparent planar PSCs by high-frequency magnetron sputtering at room temperature [72], where hydrogenated indium oxide (In2O3:H) with high mobility was used as the transparent rear electrode, thereby showing 14.2% PCE. These cells also exhibited an additional 13.5% power improvement (absolutely, 20.5% PCE) when operated in a double-sided cell with a perovskite top cell and a copper indium gallium diselenide (CIGS) bottom cell in a 4-terminal tandem configuration. In another approach, a highly efficient translucent sandwich-type MAPbI3 island PSCs were fabricated by employing a PS passivation interlayer to prevent the TiO2 electron conductor and the poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) hole conductor from being directly contacted [73]. The selective deposition of the PS passivation interlayer on bare TiO2 or between MAPbI3 island crystals was done by a spin-washing process using toluene solvent. Resulting PCE and AVT were 10.2% and 20.9%, respectively. The same group reported semitransparent neutral-color sandwich-type MAPbI3 perovskite submodules (active area = 25 cm2) [74]. In this study, UV-curable monomer compounds coated on island-shaped MAPbI3 were successfully employed to fabricate highly-efficient translucent solar cells by preventing the HTL and the TiO2 blocking layer from being directly contacted. Here, 40 cells were measured to show 10.28% ± 0.96% PCE and 20.1% AVT.




4.1.3. Use of One or Both TCO—Free Electrodes


As described in the previous section, TCO-free TCEs such as PEDOT:PSS, Ag NWs, CNT, and graphene have many advantages for their use in STPSCs. Recently, STPSCs were fabricated based on a structure of Al2O3/Ag NWs/ZnO/MAPbI3/PEDOT:PSS/ITO, as shown in Figure 10a [75]. Here, low temperature treatment (below 100 °C) and atomic layer deposition (ALD) of ZnO and Al2O3 films for the cathode buffer layer (CBL) and encapsulation layers were employed for very efficient and environmentally stable STPSCs. The cells with reflective opaque Ag electrodes showed remarkable PCE of up to 16.5% with high repeatability. In addition, the use of ALD ZnO CBL in STPSCs resulted in 25.5% AVT and 10% PCE. These results can provide a new route for developing highly-efficient, stable, low-temperature-processed semitransparent photovoltaic cells, indicating significant advancements in the practical application of PSCs. In another approach, efficient STPSCs were fabricated using solution-treated Ag NWs top electrodes made with careful selection of reasonable interface engineering and deposition techniques [76]. In this study, the ZnO layer inserted between the ETL PC61BM and the upper electrode Ag NWs did not only allow the Ag NW solution deposition without damaging the PC61BM layer, but also ensured the ohmic contact between PC61BM/ZnO and ZnO/Ag NWs. The resulting translucent PSCs showed high PCE of 8.5% and an AVT of 28.4%. These results suggest that high-performance PSCs can be realized by integrating low-cost materials and following a completely liquid processing path, thereby greatly reducing the production cost. As a different approach, very robust PSCs were prepared by using a translucent top electrode sandwiched between an ultra-thin Ag layer and SnOx grown by low-temperature ALD [77]. Figure 10b shows a SEM of the STPSC produced in this study. Here, SnOx acts as an electrically conductive transmission barrier to protect the perovskite film and ultra-thin Ag electrodes from moisture. The STPSC showed an average transmittance of about 70% for wavelength >800 nm in the NIR region and an efficiency of 11% or more with an average transmittance of 29% at wavelength of 400–900 nm. In addition, the cells exhibited remarkable stability over 4500 h regardless of ambient atmosphere or to elevated temperatures. Another group reported STPSCs using PEDOT:PSS film as a TCE, as shown in Figure 10c [78]. The PEDOT:PSS electrode was deposited using transfer lamination technology to escape from the damage to the MAPbI3 perovskite membrane by direct contact of PEDOT:PSS aqueous solution. The STPSCs showed approximately 10.1% PCE and 7.3% AVT for active area 0.06 cm2. Recently, high-efficiency STPSCs without TCO was manufactured using PEDOT:PSS electrode which can be manufactured under low-temperature and vacuum-free environments [79]. These cells showed high PCEs of 13.9% and 10.3% on glass and PET substrates, respectively. In addition, the flexible substrate-based PSCs retained more than 90% of its initial value even after 1000-cycles bending at a small radius of 5 mm. In more recent years, other groups have successfully produced carbon-grid electrodes that are fully printable on STPSCs [80]. In this study, the AVT/PCE was varied from 6.5%/11.3% to 24.0%/5.1% by controlling the spacing between the carbon grid lines. Finally, by employing MWCNTs to the top electrode of the cell, the PCE was improved to 8.21% while maintaining 24.0% AVT. These results suggest that CNT-based carbon grids provide a low-cost route to fabricate highly-efficient STPSCs. CVD multilayer graphene was also employed for STPSCs (Figure 10d) [81]. By adjusting the preparation conditions, the cells exhibited the average PCE up to 12.02% and 11.65% under irradiation at the bottom and top electrode sides, respectively.





4.2. Multi-Junction Cells


The photoactive layer used in a single-junction solar cell is limited in absorbing all of the sunlight due to its inherent bandgap properties. To solve this problem, multi-junction solar cells have been actively studied by employing two or more optically absorbing semiconductors complementary to each other, stacked vertically to minimize transmitted or heat-lost energy. Multi-junction or tandem solar cells were developed primarily in two schemes, mechanically-stacked 4-terminal and monolithic 2-terminal configurations. In case of perovskites, it is possible to control the bandgap easily by a solution process, thereby making the thin films with high extinction coefficient. High efficiency can be then achieved by reducing losses through the conventional tandemization with a crystalline Si (1.1 eV) or CIGS (1.1 eV) solar cells. Recently, perovskite/c-Si tandem solar cells were successfully produced to show the PCE up to 14.5% [82]. Figure 11a shows a schematic diagram of a typical perovskite/Si tandem solar cell. The PCE of the single-junction cells of perovskite (0.25 cm2) and Si (1.22 cm2) reached 14% and 16.8%, respectively. The PCE of the hybrid tandem solar cell was improved to 19.2% at a 1.22 cm2 area, as shown in Figure 11b. Both PCEs were much better than those of the single-junction counterpart cells. This single-junction and tandem PSCs showed no hysteresis and were very stable under maximum power point tracking for several min (The inset of Figure 11b). Another group studied translucent perovskite solar cells and IR-enhanced Si heterojunction cells for high-efficiency serial devices [83]. The STPSCs were fabricated by thermally depositing a semitransparent metal electrode (7 nm Au/1 nm Cu seed layer) with excellent electrical conductivity and optical transparency. The STPSC and Si cells showed 16.5% and 21.2% PCEs, respectively whilst the perovskite/Si tandem solar cells exhibited 23.0% PCE. In a different study, dielectric/metal/dielectric transparent top electrodes were successfully fabricated for hybrid halide PSC [84]. The Au-coated Ag film significantly enhanced the electrical conductivity and transparency of the electrodes compared to the separate Ag or Au film due to the change of the wetting properties of the metal deposition. The STPSC irradiated from the multilayer top electrode showed 11.5% PCE together without reduction of Voc and FF compared to the conventional cells. Figure 11c shows the 4-terminal serial tandem cell with the PSC top single cell solution-processed on the bottom CIGS single cell. Figure 11d shows the J-V curve of single and tandem cells, resulting in 15.5% PCE for the tandem cell. These results possibly provide a useful route for further enhancement of the PCE by choosing tandem-type perovskite/CIGS solar cell. Another tandem solar cell was also obtained by mechanically placing an Ag NWs-TCE-based PSC on CIGS solar cell and low-quality polycrystalline Si [85], thereby realizing low-cost and high-efficiency (>25%) solar-energy source.





5. Conclusions and Outlook


In the last decade, there have been rapid progress in the studies of STOSCs and STPSCs by developing new flexible bottom/top TCEs, performing the processes at low temperatures, designing/synthesizing high-quality photoactive layers, and engineering device structures. To date, many researchers have made much efforts to achieve high PCE/AVT for the STOSCs and STPSCs, but there still remain several issues to overcome for their practical applications. The PCE and AVT of the semitransparent cells is currently much lower than those of their opaque counterpart cells, and their neutral transparency color perceptions can be hardly achieved. Therefore, the TCEs for STSCs are required to be highly transparent/conductive, a way to minimize the performance degradation while maintaining the device transparency. In addition, the TCEs should be structured for their good tolerance to defects and easy patterning, and should be available for mass production at low cost. To fundamentally improve the PCE/AVT of the STOSCs and STPSCs, new TCEs with the desired optical, electrical, and structural properties are ultimately necessary. Ideally, most of the photons in the UV and NIR range are absorbed by band gap engineering of the material because the composition of organic semiconductors and perovskite materials can be fully controlled. In addition, the color and transparency of the device can be adjusted by introducing periodic 1D dielectric mirrors with enhanced optical reflectivity in selected wavelength range to recapture unabsorbed photons. Although there still remain problems to be solved, STOSCs and STPSCs are expected to contribute greatly to harvesting of solar energy with high efficiency/semitransparency in the near future.
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Figure 1. (a) Schematic diagram of a typical fullerene-free all-plastic solar cell; (b) photo image; (c) chemical structure of IDT-2BR; (d) J-V curves of all-plastic OSCs based on different acceptors; (e) Transmittance spectra of electrodes and corresponding cells. Reprinted with permission from [30]. Copyright 2016 Elsevier. 
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Figure 2. (a) Fabrication processes for f-CNT top electrode-based STOSC; (b) J-V characteristics of Ag reference cell and f-CNT-based cells with different HTL thicknesses of 20, 50, and 80 nm. Reprinted with permission from [31]. Copyright 2012 Elsevier. (c) Schematics of HNO3 doping sandwich transfer process (above) and MoOx thermal doping bridge transfer process (below). Reprinted with permission from [33]. Copyright 2016 Nature. 
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Figure 3. Schematic diagram of graphene-TCE-based various STOSC structures: (a) ITO/ZnO/P3HT:PCBM/graphene oxide (GO)/graphene top electrode. Reprinted with permission from [34]. Copyright 2011 ACS; (b) ITO/ZnO/P3HT:PCBM/PEDOT:PSS/graphene. Reprinted with permission from [35]. Copyright 2011 ACS. (c) PDMS/PMMA/graphene/PEDOT:PSS/PTB7:PC71BM/ZnO-NP/PEDOT:PSS/graphene. Reprinted with permission from [36]. Copyright 2015 ACS. (d) TFSA-doped graphene/PEDOT:PSS/P3HT:PCBM/ZnO/TETA-doped graphene. Reprinted with permission from [38]. Copyright 2018 ACS. 
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Figure 4. (a) A photograph of a typical P3HT:PCBM-based STOSC; (b) Optical transmittance spectrum of a STOSC with Ag NWs- and PH1000-based TCEs; (c) J-V characteristics of the STOSCs illuminated through the Ag NWs and the PH1000 electrodes. Reprinted with permission from [42]. Copyright 2014 ACS. (d) Schematic and photograph of the device architecture for solution-processed visibly-transparent OSCs; (e) Transmission spectra of the pristine ITO nanoparticle film, the Ag NW-based composite transparent electrode, and a STOSCs; (f) J-V characteristics of the transparent device (illuminated from ITO side or Ag NW composite electrode side) and the control device. Reprinted with permission from [43]. Copyright 2012 ACS. 
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Figure 5. (a) Device architecture of STOSCs comprising a PSBTBT:PC70BM active layer, a sputtered ZnO:Al transparent cathode, and a LiCoO2/Al interfacial layer; (b) Determination of the color rendering index. The white dots represent the color coordinates of the TCS01–08 illuminated by the reference Standard Illuminant D. The black needles correspond to the TCS01–08 illuminated from the PSBTBT:PC70BM solar cell transmitted light. Reprinted with permission from [45]. Copyright 2011 Wiley. (c) Normalized UV-vis-NIR absorption spectra of PTB7-Th and ATT-2 in thin films; (d) Transmission spectra of STOSCs as a function of Ag thickness; (e) J-V curves of STOSC devices. Reprinted with permission from [48]. Copyright 2011 Wiley; (f) Schematic diagram of a typical Ag mesh/PEDOT:PSS/ZnO/PffBT4T-2OD:PC61BM:PC71BM/PEDOT:PSS:Ag NWs STOSC; (g) J-V curves of STOSCs comprising different electrode combinations under AM1.5 illumination (solid lines) and in the dark (dashed lines); (h) Transmittance spectrum of STOSCs. Reprinted with permission from [49]. Copyright 2016 Wiley. 
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Figure 6. Device engineering of STOSCs for improving light harvesting: (a) Schematic of a STOSC with one-dimensional photonic crystal. Reprinted with permission from [55]. Copyright 2016 Royal Society of Chemistry. Schematic of STOSCs with (b) MoOx/LiF and (c) MoO3/LiF. Reprinted with permission from [56,57]. Copyright 2017 Wiley; Copyright 2013 ACS. (d) Schematic illustration of the semitransparent device cell architecture incorporating the multilayer dielectric structure (MLD) between the glass and the Au thin metal electrode and antireflection coating above the Ag thin metal electrode. Reprinted with permission from [58]. Copyright 2017 Wiley. 
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Figure 7. (a) Schematic diagram of a typica tandem STOSC; (b) Optical transmittance of the tandem cell with different TiO2 thicknesses; (c) J-V curves of front, rear, and tandem cells (light projected from graphene mesh or Ag NWs) Reprinted with permission from [61]. Copyright 2014 Wiley. (d) Schematic representation of the tandem device architecture; (e) Optical transmittance of the tandem STOSC. The inset shows a photograph of the cell. Reprinted with permission from [62]. Copyright 2013 Wiley. 
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Figure 8. Controlled dewetting for varying transmittance of a perovskite film. (a) Schematic of the film dewetting process showing morphology change over time, from as-cast film to discrete islands. Perovskite material and pores are represented with black and white, respectively; (b) Scanning electron micrograph of the top surface of a representative film of perovskite islands (paler regions) on a TiO2-coated FTO substrate; (c) Photograph of a STPSC; (d) Dependence of average visible transmittance of the active layer on perovskite surface coverage. Reprinted with permission from [64]. Copyright 2014 ACS. 
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Figure 9. (a) Device architecture of a STPSC and (b) corresponding energy band diagram relative to vacuum level; (c) Photographs of MAPbI3 films as a function of thickness and (d) UV-Vis transmittance of the corresponding films; (e) J-V curves of a STPSC with thin perovskite layers. Reprinted with permission from [66]. Copyright 2015 Wiley. 
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Figure 10. (a) Schematic illustration of a Ag NWs-TCE-based STPSC device architecture. Reprinted with permission from [75]. Copyright 2015 ACS. (b) Scanning electron microscope image of a STPSC with the layer sequence: ITO/PEDOT:PSS/MAPbI3/PCBM/AZO/SnOx/Ag/SnOx. Reprinted with permission from [77]. Copyright 2017 Wiley. (c) Structure of a STPSC with PEDOT:PSS electrode. Reprinted with permission from [78]. Copyright 2015 ACS. (d) Schematic diagram of a graphene TCE-based STPSC. Reprinted with permission from [81]. Copyright 2015 Wiley. 
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Figure 11. (a) Schematic drawing of a typical planar perovskite/Si heterojunction tandem cell layer stack; (b) J-V curves of the best perovskite/Si tandem and of the single junction perovskite and Si cell. Reprinted with permission from [81]. Copyright 2016 ACS. (c) Device architecture of a typical perovskite/GIGS tandem cell and J-V curves of top illuminated perovskite, CIGS, and perovskite/CIGS tandem cell. Reprinted with permission from [83]. Copyright 2015 ACS. 
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Table 1. Comparison of thickness and absorption properties between various semiconductor materials used in solar cells.
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Photovoltaic Material

	
Thickness (μm)

	
Absorption Properties






	
c-Si

	
180

	
Broad band absorption




	
Absorption coefficient: 102 cm−1




	
Organic material

	
0.1

	
Confined band absorption




	
Absorption coefficient: 105 cm−1




	
Perovskites

	
0.3

	
Broad band absorption




	
Absorption coefficient: 105–106 cm−1
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Table 2. Recently-reported photovoltaic parameters of STOSCs.
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	Device Structure
	Voc (V)
	Jsc (mA·cm2)
	FF (%)
	PCE (%)
	AVT (%)
	Reference





	Indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/PhanQ: phenyl-C61-butyric acid methyl ester (PCBM)/buckminsterfullerene (C60)-surfactant/Ag
	0.84
	8.0
	63.0
	4.2
	32
	[16]



	ITO/ZnO/poly(3-hexylthiophene) (P3HT):PCBM/PEDOT:PSS CPP 105D (CPP-PEDOT:PSS)
	0.55
	7.4
	58.0
	2.4
	–
	[27]



	ITO/PEO/APFO3:PCBM/PEDOT:PSS P VP Al 4083 (PEDOT-EL)/PEDOT:PSS
	0.67
	2.3
	45.0
	0.7
	–
	[28]



	ITO/ZnO nanoparticles (NPs)/P3HT:PCBM/poly(allylamine hydrochloride) and dextran(PAH-D)/PEDOT:PSS
	0.59
	6.7
	47.3
	1.9
	–
	[29]



	PEDOT:PSS/P3HT:IDT-2BR/polyethylenimine (PEIE)/PEDOT:PSS
	0.84
	5.9
	57.9
	2.9
	50
	[30]



	ITO/n-C60/C60/zinc phthalocyanine (ZnPc):C60/2,20-(perfluoronaphthalene-2,6-diylidene) dima-lononitrile(F6TCNNQ) dopedN,N0-((diphenyl-N,N0-bis)9,9,-dime-thyl-fluoren-2-yl)-benzidine (p-BF-DPB)/carbonnanotube (CNT)
	0.57
	4.5
	58.2
	1.5
	–
	[31]



	ITO/ZnO/P3HT:PCBM/CNT
	0.57
	10.5
	40.2
	2.5
	80 @

670 nm
	[32]



	ITO/ZnO/polymer thieno[3,4-b]thiophene/benzodithiophene (PTB7):PCBM/MoOx/HNO3-doped CNT
	0.66
	6.5
	40.0
	1.8
	80 @

400 nm
	[33]



	ITO/ZnO/P3HT:PCBM/graphene oxide (GO)/graphene
	0.54
	10.5
	44.0
	2.5
	70 @

650 nm
	[34]



	ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Au-doped Graphene
	0.59
	10.6
	43.3
	2.7
	–
	[35]



	graphene/PEDOT:PSS/PTB7: PhanQ: phenyl-C71-butyric acid methyl ester (PC71BM)/ZnO-NP/PEDOT:PSS/graphene
	0.67
	12.1
	41.4
	3.4
	40
	[36]



	ITO/TiO2/P3HT:PCBM/PEDOT:PSS/graphene/Au grid/
	0.62
	8.2
	55.0
	2.8
	–
	[37]



	Triethylene tetramine (TETA) -doped graphene/ZnO/P3HT:PCBM/ PEDOT:PSS/(trifluoromethanesulfonyl)-amide (TFSA)-doped graphene
	0.62
	9.8
	54.5
	3.3
	70 @

650 nm
	[38]



	ITO/copper phthalocyanine (CuPc):C60/bathocuproine (BCP)/Ag/Ag NWs
	0.44
	1.9
	55.0
	0.6
	26
	[39]



	ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag NWs
	0.56
	5.8
	65.1
	2.1
	–
	[40]



	Ag NWs/aluminum doped ZnO (AZO)/P3HT: polymer poly[(4,40-bis(2-ethylhexyl) dithieno[3,2-b:2′,3′-d]-silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5 ′ -diyl] (Si-PCPDTBT):PCBM/PEDOT:PSS/Ag NWs
	0.57
	6.4
	60.0
	2.2
	33
	[41]



	PEDOT:PSS/GO/PEDOT:PSSP3HT:PCBM/ZnO/TiOx/Ag NWs
	0.58
	8.2
	49.0
	2.3
	60 @

700 nm
	[42]



	ITO/PEDOT:PSS/poly(2,60-4,8-bis(5-ethylhexylthienyl)benzo- [1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione) (PBDTT-DPP):PCBM/TiO2/Ag NWs
	0.77
	9.3
	56.2
	4.0
	66 @

550 nm
	[43]



	Ag NWs/PEDOT:PSS/PV2000:PCBM/ZnO/Ag NWs
	0.76
	10.7
	52.8
	4.3
	–
	[44]



	ITO/PEDOT:PSS/poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT):PCBM/LiCoO2/Al/ZnO:Al
	0.61
	10.7
	42.0
	2.8
	–
	[45]



	ITO/ZnO/Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][2-(2-ethyl-1-oxohexyl)thieno[3,4-b]thiophenediyl]] (PBDTTT-C-T):PC71BM/MoO3/Ag
	0.77
	12.1
	61.0
	5.7
	28
	[46]



	ITO/PEDOT:PSS/poly[N-900-hepta-dec- anyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzo-thiadiazole)] (PCDTBT):PC71BM/LiF/Al/Ag
	0.76
	4.6
	49.0
	1.7
	35
	[47]



	ITO/ZnO/Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7-Th):ATT-2/MoO3/Ag
	0.71
	16.0
	55.0
	6.3
	45
	[48]



	ITO/ZnO/ poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3″′-di(2-octyldodecyl)-2,2′;5′,2″;5″,2″′-quaterthiophen-5,5″′-diyl)] (PffBT4T-2OD):PCBM:PC71BM/MoO3/Ag
	0.76
	13.7
	56.0
	5.8
	6
	[49]



	Graphene/PEDOT:PSS/ZnO/poly[2,7-(5,5-bis-(3,7-dimethyl octyl)-5Hdithieno[3,2-b:20,30-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)] (PDTP-DFBT):PCBM/MoO3/graphene
	0.67
	12.4
	45.0
	3.7
	54 @

500 nm
	[50]



	ITO/ZnO/poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]-dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione))] (PBDB-T): 9-bis(2-methylene-(3-(1,1-dicyanomethylene)indanone))-5,5,11,11-tetrakis(4-hexylphenyl)dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]-dithiophene (ITIC)/MoO3/Ag/MoO3
	0.88
	13.8
	59.8
	7.3
	25
	[51]



	ITO/ZnMgO/PTB7-Th/PC71BM/MoO3/Ag
	0.77
	14.84
	59.5
	6.8
	22
	[52]



	ITO/PEDOT:PSS/PTB7-Th:2,2′-((2Z,2′Z)-(((4,4,9-tris(4-hexylphenyl)-9-(4-pentylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b dithiophene-2,7-diyl) bis(4-((2-ethylhexyl)oxy)thiophene-5,2-diyl)) bis(methanylylidene)) bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (IEICO-4Cl)/ poly[9,9-bis[6′-(N,N,Ntrimethylammonium) hexyl]fluorene-alt-co-1,4-phenylene]bromide (PFN-Br)/Au
	0.73
	19.6
	59.0
	8.4
	26
	[53]



	FTO/TiO2/(C30H38N2S3Si)n Poly[(4,4′-bis(2-ethylhexyl) dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT):PCBM/WO3/Ag/one-dimensional photonic crystals (1DPCs)
	0.64
	7.90
	48.7
	2.5
	40
	[54]



	PEDO:PSS/PTB7:PC71BM/PEN/ITO/1DPC
	0.77
	10.03
	55.6
	4.3
	39
	[55]



	ITO/ZnO/PTB7-Th:PC71BM/MoO3/Ag/6 pairs (MoO3/LiF)
	0.79
	13.1
	67.7
	7.0
	12
	[56]



	ITO/ZnO/P3HT:PCBM/MoO3/Ag/6 pairs (MoO3/LiF)
	0.63
	10.89
	66.0
	4.32
	60 @

650 nm
	[57]



	3 pairs (TiO2/SiO2)/ZnO/PTB7:PCBM/2 pairs (MoO3/Ag)/LiF
	0.73
	10.7
	67.9
	5.3
	21
	[58]



	ITO/C60:NDN1/C60/F4-ZnPc:C60/5 wt.% Di-NPB:NDP9/10 wt.% Di-NPB:NDP9/C60:NDN1/C60/DCV6T:C60/BPAPF/BPAPF:NDP9/Di-NPB:NDP9/C60:NDN1/Al/Ag/tris(8-hydroxyquinolinato)-aluminum
	1.54
	5.2
	61.0
	4.9
	24
	[59]



	ITO/poly(3,3′-([(9′,9′-dioctyl-9H,9′H-[2,2′-bifluorene]-9,9-diyl)bis(4,1-phenylene)]bis(oxy))bis(N,N-dimethylpropan-1-amine))(PFPA-1)/ poly[N,N′-bis(2-hexyldecyl)isoindigo-6,6’-diyl-alt-thiophene-2,5-diyl] P3TI:PC71BM/PEDOT:PSS/ITO/ poly(3,3′-([(9′,9′-dioctyl-9H,9′H- [2,2′-bifluorene]-9,9-diyl)bis(4,1-phenylene)]bis(oxy))bis(N,N-dimethylpropan-1-amine)) (PFPA-1)/ poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1):PC71BM/PEDOT:PSS
	1.46
	4.47
	67.0
	4.35
	–
	[60]



	Graphene mesh/PEDOT:PSS/poly[(4,4′-bis(3-ethyl-hexyl)dithieno[3,2-b:′′3′-d]silole)-2,6-diyl-alt-(2,5-(3-(2-ethyl-hexyl)thiophen-2-yl)thiazolo[5,4-d]thiazole] (PSETT): indene-C60-bisadduct (IC60BA)/ZnO/PEDOT:PSS/PBDTT-DPP:PC71BM/TiO2/Ag NWs
	1.62
	7.62
	64.2
	8.02
	45
	[61]



	ITO/ZnO/fullerene self-assembled monolayer (C60-SAM)/PCBM/PEDOT:PSS/PEDOT:PSS (PH1000)/ZnO/C60-SAM/PCBM/MoO3/Ag
	1.68
	5.93
	68.6
	8.5
	40
	[62]



	ITO/PEDOT:PSS/PBDTT-FDPP-C12:PCBM/PFN/TiO2/PEDOT:PSS/PBDTT-SeDPP:PC71BM/TiO2/Ag NWs
	1.47
	8.4
	59.0
	7.3
	30
	[63]
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Table 3. Recently-reported photovoltaic parameters of STPSCs.
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	Device Structure
	Voc (V)
	Jsc (mA·cm2)
	FF (%)
	PCE (%)
	AVT (%)
	Reference





	Fluorine-doped tin oxide (FTO)/TiO2/CH3NH3PbI3 (MAPbI3) islands/ 2,20,7,70-tetrakis-(N,N-di-pmethoxyphenylamine)-9,90-spirobifluorene (spiro-OMeTAD)/Au
	0.71
	8.1
	61.0
	3.5
	22
	[64]



	FTO/TiO2/polystyrene (PS)/MAPbI3/spiro-OMeTAD/Au
	0.95
	19.2
	64.0
	11.7
	36
	[65]



	ITO/copper thiocyanate (CuSCN)/MAPbI3/PCBM/Bis-C60/Ag
	1.06
	13.0
	73.0
	10.7
	37
	[66]



	ITO/PEDOT:PSS/poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine] (poly-TPD)/MAPbI3/PCBM/Au/LiF
	1.04
	5.66
	57.7
	3.39
	35.4
	[67]



	FTO/TiO2/MAPbI3/spiro-OMeTAD/MoO3/Au/MoO3
	0.72
	9.7
	66.0
	5.3
	31
	[68]



	Indium tin oxide (ITO)//PEDOT:PSS/MAPbI3/PCBM/ C60/11-amino-1-undecanethiol hydrochloride (AUH)/Ag
	0.95
	12.1
	71.0
	8.2
	34
	[69]



	FTO/TiO2/Al2O3/MAPbI3−xClx-NiO nanoparticles (NPs)/spiro-OMeTAD/Au
	0.79
	20.62
	61.8
	10.1
	27
	[70]



	FTO/TiO2/MAPbI3/poly-triarylamine (PTAA)/ poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/ITO
	1.10
	15.2
	75.0
	12.6
	17
	[71]



	FTO/ZnO/ PhanQ: phenyl-C61-butyric acid methyl ester (PCBM)//MAPbI3/spiro-OMeTAD/MoO3/In2O3:H
	1.10
	17.4
	73.6
	14.2
	72 @

800 nm
	[72]



	FTO/TiO2/MAPbI3 islands/PTAA/PEDOT:PSS/ITO
	0.96
	15.5
	71.2
	10.6
	20.9
	[73]



	FTO/TiO2/MAPbI3 islands/PTAA/PEDOT:PSS/ITO (sub-module)
	0.98
	16.52
	73.8
	12.0
	20.1
	[74]



	ITO/PEDOT:PSS/MAPbI3/ZnO/Ag NWs/Al2O3
	0.96
	15.87
	69.7
	10.8
	25.5
	[75]



	ITO/PEDOT:PSS/MAPbI3/PCBM/ZnO/Ag NWs
	0.96
	13.18
	66.8
	8.5
	28.4
	[76]



	ITO/PEDOT:PSS/MAPbI3/PCBM/AZO/SnOx/Ag/SnOx
	0.86
	18.3
	72.3
	11.4
	70 @

800 nm
	[77]



	FTO/TiO2/mesoporous (mp)-TiO2/MAPbI3/ spiro-OMeTAD/PEDOT:PSS
	0.94
	11.4
	27.3
	2.9
	7
	[78]



	PEDOT:PSS/ZnO/MAPbI3/spiro-OMeTAD/PEDOT:PSS
	1.06
	19.3
	68.0
	13.9
	60 @

800 nm
	[79]



	FTO/TiO2/mp-TiO2/carbon mesoscopic/MAPbI3/multiwall carbon nanotubes (MWCNT)
	0.87
	18.10
	52.1
	8.2
	24
	[80]



	FTO/TiO2/MAPbI3/spiro-OMeTAD/PEDOT:PSS/graphene
	0.96
	19.17
	67.2
	12.4
	–
	[81]



	ITO/MoOx/spiro-OMeTAD/MAPbI3/PCBM/indium zinc oxide (IZO)
	1.03
	17.5
	77.7
	14.0
	–
	[82]



	ITO/PTAA/MAPbI3/PCBM/ buckminsterfullerene (C60)/ bathocuproine (BCP)/Cu/Au
	1.08
	20.6
	74.1
	16.5
	–
	[83]



	ITO/TiO2/MAPbI3/spiro-OMeTAD/MoOx/Au/Ag/MoOx
	1.05
	14.6
	75.1
	11.5
	–
	[84]



	FTO/TiO2/MAPbI3/spiro-OMeTAD/Ag NWs
	1.03
	17.5
	71.0
	12.7
	–
	[85]
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