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Abstract:

 Organic photovoltaic cells (OPVs) have been a hot topic for research during the last decade due to their promising application in relieving energy pressure and environmental problems caused by the increasing combustion of fossil fuels. Much effort has been made toward understanding the photovoltaic mechanism, including evolving chemical structural motifs and designing device structures, leading to a remarkable enhancement of the power conversion efficiency of OPVs from 3% to over 15%. In this brief review, the advanced progress and the state-of-the-art performance of OPVs in very recent years are summarized. Based on several of the latest developed approaches to accurately detect the separation of electron-hole pairs in the femtosecond regime, the theoretical interpretation to exploit the comprehensive mechanistic picture of energy harvesting and charge carrier generation are discussed, especially for OPVs with bulk and multiple heterojunctions. Subsequently, the novel structural designs of the device architecture of OPVs embracing external geometry modification and intrinsic structure decoration are presented. Additionally, some approaches to further increase the efficiency of OPVs are described, including thermotics and dynamics modification methods. Finally, this review highlights the challenges and prospects with the aim of providing a better understanding towards highly efficient OPVs.




Keywords:


organic photovoltaic cell (OPV); OPV structure design; annealing treatment; photophysics mechanism; additives








1. Introduction

Photovoltaic (PV) technology, which allows the generation of electricity directly from sunlight, is expected to play a major role in solving the global energy crisis in an environmentally-friendly and sustainable way. The future success of PVs will rely on advances in material research and the cell design concept to increase device efficiency and stability, as well as to reduce the manufacturing, installation and operational costs [1]. At the current stage, the PV market relies heavily on wafer-based polycrystalline silicon devices and various inorganic materials, including silicon, CdTe, GaAs, CuInxGa1−xSe2-based thin film PVs, are the dominating technologies on the market [2,3,4,5,6]. However, conventional PV technology with a high production cost and related environmental issues has not successfully replaced grid electricity, and the electricity generated from PV only accounts for less than 0.1% of the total worldwide energy generation [7]. In last few decades, there has been an unabated continuous interest in organic photoelectronic technology, including organic light-emitting devices (OLEDs) and organic photovoltaic cells (OPVs), which are due to their synthetic variability, low cost fabrication process and the great potential to produce flexible, easily manufactured devices [8,9,10,11,12]. So far, OLEDs for display and solid state lighting have been commercialized, and in comparison, OPV has been improved from a fancy concept with less than 1% power conversion efficiency (PCE) to over 10% PCE to meet the requirement of the PV marketplace [13].

A key difference between organic and inorganic PVs is the relative importance of interfacial processes. The primary goal in almost all solar energy conversion systems is the utilization of incident solar energy to generate separated electronic charges [14]. Efficient energy transduction requires the charge carrier of the electron and hole to overcome their mutual Coulomb attraction V, which can be quantified by Equation (1):
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(1)




where e is the charge of an electron, εγ is the dielectric constant of the surrounding medium, ε0 is the permittivity of vacuum and γ is the electron-hole separation distance. In conventional inorganic PVs, overcoming Coulomb attraction is facile, due to the high constant of inorganic materials (e.g., silicon, εγ ≈ 12, TiO2, εγ ≈ 80). However, in OPVs, the smaller dielectric constant (εγ ≈ 2–4) and more localized nature of the electronic states cause photoexcited states to be confined to a small volume (few nm3) in space and create a large Coulombic barrier (0.1–1 eV) to dissociating into separate electrons and holes [15]. Moreover, the inter-molecular charge transport is much more difficult for organic materials than their inorganic counterparts. The low charge mobility of organic materials, due to the localization of charged states, is associated with the high possibility of charge recombination [16]. Furthermore, organic materials usually show an exciton diffusion length of ~10 nm and optical absorption depths of 100 nm [17,18,19]. The thickness of the active layer range from 30 to 100 nm in order to efficiently collect the photogenerated carriers, which is too thin to capture the incident light accordingly. Hence, various exploits in device architecture and processing techniques, as well as further understanding of the OPV functioning mechanism all make contributions toward achieving high PCE.
From their very beginning, the OPVs were simple, single-layer devices based on a Schottky diode structure, a pristine polymer and two electrodes, resulting in low PCE [20,21,22]. The first relatively successful OPV was reported by Tang et al. in 1986, which was based on a double-layer structure of p-type copper phthalocyanine and n-type perylene diimide derivative [23]. It was found that the use of a heterojunction consisting of two different organic semiconductors with offset energy levels, the donor (D) and acceptor (A) is effective at separating the tightly bound exciton. D+/A− charge-transfer (CT) states are more energetically favorable than the exciton state of either D or A. In the early 1990s, Heeger et al. observed the ultrafast photo-induced electron transfer from a conjugated polymer to C60, and the consequent enhancement in charge photogeneration yield opened up the potential of using solution-processed polymers in OPV [24,25,26]. However, the short exciton diffusion length requires the thickness of the active layer to be thin enough, which, in turn, impedes light absorption. In this case, in 1992, a bulk heterojunction (BHJ) structure was employed to overcome the primary issue in double-layer OPVs [27,28]. The bicontinuous interpenetrating network of D–A in the BHJ structure provides a large area for exciton dissociation and, thus, reduces the length of separated excitons to the corresponding electrodes. The founding of BHJ is a milestone in the progress of OPV, in that it greatly renders the improvement of PCE of OPVs. From there on, BHJ has become a typical structure for OPVs, and further works on improving the performance of OPVs are mainly based on this device architecture framework.

In last few decades, many works have been carried out on the illumination of the working mechanism of OPVs, the inventory of simple and efficiency processing techniques, the exploration of novel OPV architectures and to increase the device stability, design and synthesis of new materials, which are all working towards improving the PCE of OPVs [29,30,31,32,33,34,35,36,37,38]. To date, the highest reported PCEs are in the range of 6.7%–8.94% for small molecule [39,40,41], 8.4%–10.6% for polymer OPVs [42,43,44] and 7%–15% for perovskite OPVs [45,46,47]. The recent developments in OPVs open the way toward low-cost, environmentally-benign and renewable power sources.

Herein, the main purpose of this work is to guide the reader by capturing brief information regarding state-of-the-art OPVs. This review paper takes a retrospective look at the research and development of OPV in the last five years, especially in the understanding of the developed theoretical interpretation, the novel designs of the device architecture and the newly preferentially modifications. Due to space limitation, we mainly focus on the study of the active layer. Works on the hole transport layer (HTL) and electron transport layer (ETL) will not be discussed here, which also play a critical role in OPV performance.



2. Photophysics Mechanism


2.1. Hot Exciton Dissociation

OPVs use a single heterojunction between the donor (D) and acceptor (A) semiconductors to generate charge carrier. The state-of-the-art polymer cells are cast from a solution of D:A mixture with nanoscale domains and large interfacial regions [27]. This architecture is well known as the BHJ. The key photophysical processes in an OPV are displayed in Figure 1.

Figure 1. (a,b,c) Calculated excited-state energy levels for poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta(2,1-b;3,4-b')-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)) oligomer featuring four repeat units (CPDTBT4), CPDTBT4/[6,6]-phenyl-C61-butyric acid methyl ester (PC60BM) and PC60BM and the computed interfacial exciton state (IES), density of state (DOS) and sketch of the molecular dimer; Cited from [53]. Copyright 2013, Nature.
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In the first step, the absorption of sunlight in the bulk domains forms singlet excitons with different energy, referred to as S0→Sn. Then, the high energy level of singlet excitons will diffuse at a short distance of about tens of nanometers to the D/A interface, where offsets between the LUMOs (lowest unoccupied molecular orbitals) of D and HOMOs (highest occupied molecular orbitals) of A enable electron transfer, thereby dissociating the singlet excitons. As presented in Figure 1, the ultrafast energy transfer process from Sn of the polymer domain to the temperate states of the polymer/fullerene mixing phase will happen within several tens of femto-seconds, yielding the hole on D and the electron on A. Due to the low dielectric constant of these materials (εγ within 3–4), the charges remain electrostatically attracted across the D/A interface with length scales smaller than the Coulomb capture radius rc = e2/4πε0εγkBT at room temperature [48,49], leading to a high rate of electron-hole encounters. That could produce Coulombic bound “charge-transfer” CT states with the binding energies of several hundred meV [50], without consideration of whether these states eventually dissociate into free carriers or stay bound until recombination [51]. The fundamental question is how the organic heterojunction enables efficient long-range charge separation, especially; some OPV systems work very efficiently with internal quantum efficiency to 100% [52].



The density of states in the poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta(2,1-b;3,4-b')-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)) oligomer featuring four repeat units (CPDTBT4)/[6,6]-phenyl-C61-butyric acid methyl ester (PC60BM) heterojunction is directly detected and confirmed by calculation by Lanzani et al. Their work clearly disclosed singlet excitons S4 with higher energy directly from CTn with a higher level than the lowest CT0 [53]. Before CTn cool down to CT0, they have additionally enough “excess energy” inherited from S4 to form a polaron hole in polymer and free electron in fullerene within 22 fs. Meanwhile, the lower CTs formed from singlet excitons S1 and S2 have less excess energy and can only partially dissociate into polarons with a much longer lifetime ~100 fs. Finally, most of them cool down to CT0, and decay to the ground state through both radiative and nonradiative recombination.

The inherited “excess energy” from the higher energy of excited states associating with the charge dissociation at the D/A interface has been well known as the hot exciton dissociation process in the OPV system [54,55]. The ultrafast hot exciton dissociation significantly contributes to photocurrent when absorbing low wavelength photons. The CTs are more delocalized in nature and, thus, more prone to ultrafast charge separation instead of relaxation to the bound CT1 state, which constitutes a loss path, due to a stronger coupling to the ground state. The excess energy of hot CTn states has been considered to be lost during relaxation to the “cold” CT0 state, facilitates long-range charge separation [54,55].

Friend’s group used additional infrared (IR) photons to promote the cooled CT0 to higher energy level CTn, as shown in Figure 2 [56]. From the pumped and decay photocurrent, the cooling process from CTn to CT0 and dissociation dynamic from CTn to separated charge (SC) are investigated in both polymer/fullerene and polymer/polymer systems. Transient measurements indicated that the “excess energy” of the hot CT state was ~0.5 eV higher than that of the low energy CT state from cross-section S0→CT. Thus, the photocurrent gains were similar for sub- and above-gap excitations, demonstrating that charge separation effectively occurred without needing a large amount of excess energy. In contrast, they proposed that the role of driving energy has close dependence on the general trend of the delocalization of charge by optical excitation. The extent of delocalization is material dependent, i.e., moving from poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8TBT) to PC60BM with the increase of average electron-hole separation by 50%, as shown in Figure 2. This, in turn, induces even larger variation in CT state binding energy and dissociation probability. This difference in the delocalization of charges causes OPV systems to demonstrate remarkably different quantum efficiencies. Furthermore, their study is crucial for guiding the material designation of both the polymer donor and non-fullerene acceptor.

Figure 2. Micro-electrostatic simulations of the charge distribution at the poly-3(hexylthiophene) (P3HT)/PC60BM (A,B) and P3HT/F8TBT poly(9,9-dioctylfluorene-co-benzothiadiazole) (C,D) heterojunction, with electron and hole densities shown in blue and red, respectively. (A,C) Charge distribution in the lowest CT-state configuration and (B,D) in the excited CT state configuration created upon absorption of an IR-push photon. R, average electron-hole separation. Cited from [56]. Copyright 2012, Science.
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2.2. Spin Nature of CT States

To overlap a greater range of the solar light spectrum and to absorb more photons, the optimized optical energy band of the polymer is around 1.5 and 1.7 eV, which can generate JSC from 15 to 22 mA/cm2. Nowadays, the state-of-the-art OPVs with high PCEs of about 8.8% and 9.2%, reported from Yang et al. and Cao et al. [57,58], respectively, with JSC and internal quantum efficiency almost near 100%, corresponding to ultrafast charge dissociation and charge collection efficiencies. In terms of VOC, it is well established that the open-circuit voltage (VOC) is determined by the energy difference between the HOMO level of D and the LUMO level of A, and lower HOMO donors or higher LUMO acceptors have attracted a great amount of attention. Thus, the optimizing capability of POV performance becomes less due to the trade-off between VOC and JSC. The critical fundamental question is whether we can repress the “excess energy” of CT states to less than 0.3 eV to obtain a larger gain in VOC while maintaining JSC. Unfortunately, the attempts to challenge this have not yet succeeded.

A typical example is the trade-off using donor copolymer poly(indacenodithiophene-co-phenanthro quinoxaline) (PIDT-PhanQ) [9,10] synthesized by Jen’s group [59,60]. From Figure 3, we can obviously see that the OPV with the PIDT-PhanQ/(6,6)-phenyl-C71-butyric acid methyl ester (PC70BM) heterojunction has the highest JSC and fill factor (FF). However, when using higher LUMO fullerene, i.e., indene-C60 bisadduct (IC60BA) and indene-C70 bisadduct (IC70BA), although the VOC was effectively enhanced from 0.8 V to near 1 V, the JSC and FF obviously decreased, which was ascribed to additional energy loss paths [59]. This phenomenon is commonly observed in other polymer systems and, thus, cannot be simply explained by the lower “excess energy” of CT states [61].

Figure 3. (a) Schematic depiction of solar cell structure employed here, consisting of a blended polymer fullerene active layer with poly(indacenodithiophene-co-phenanthro quinoxaline) (PIDT-PhanQ) as the donor; (b) photocurrent density as a function of voltage for the device structure in (a) using fullerenes 1–4 as acceptor materials, measured under simulated Air mass (AM) 1.5 G solar illumination at 1 kW·m−2. Cited from [59]. Copyright 2012, America Chemical Society.
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Friend’s group studied the actual energy loss paths and also the spin nature of CT states in the D/A system, and their investigation opened the fundamental understanding about the triplet CT states and their functions in the photovoltaic process [62]. As shown in Figure 4, the singlet exactions are firstly generated in the bulk of donor and acceptor (Process 1). Singlet excitons diffuse to the D/A interface, and singlet CT states (1CT) form and separate into free charges (FC) (Process 2). The hole-electron of FC is banded together due to bimolecular recombination forming 1/4 1CT and 3/4 triplet CT states (3CT) (Process 3). Herein, the formed 1CT state can recombine to the ground state via both nonradioactive and radioactive recombination process that can be reorganized in the photoluminescent (PL) spectrum (Process 6). As for the 3CT state, relaxation to the triplet exciton (T1) state of the donor (or acceptor) is more energetically favorable than recombination to the ground state due to spin-forbidden states (Process 4). The increased population of triplet excitons leads to stronger phosphorescent PL density through an efficient triplet-charge annihilation channel (Process 5).

Figure 4. State diagrams representing the various photophysical processes in an OPV. Conversions between excited state species are shown in blue, and recombination channels are shown in red. Cited from [62]. Copyright 2013, Nature.
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Due to the energy of the CT state being higher than that of the T1 state in the PIDT-PhanQ blends, the evolution of CT states to free charges and back transfer to a singlet or triplet exciton can be easily distinguished. For the PIDT-PhanQ/PC60BM system, there is no characteristic spectrum of triplet exciton in the transient absorption spectra, indicating that energy transfer from CT states to triplet excitons is forbidden at room temperature. However, triplet excitons are generated in the PIDT-PhanQ/IC60BA system, indicating a major energy loss path of CT states. Due to the triplet-charge annihilation, the triplet excitons would immediately decay to the ground state. The completion between the triplet 3CT state to free charges with transition time τ3 and 3CT to triplet excitons with transition time τ4 determines the quantum efficiency of final photocurrent generation. At a high temperature (>240 K), τ4 > τ3 means efficient 3CT states to free charges. At a lower temperature, this dissociation process is suppressed, τ4 < τ3, leading to back transfer from 3CT states to triplet.



Another fundamental question is why the PIDT-PhanQ/PC60BM system has unique characteristics. It is known that, in contrast to other fullerenes, PC60BM forms large aggregates more efficiently. A larger aggregation domain aids charge separation [63]. They found that triplet emission was enhanced due to the transition from 3CT states to triplet excitons when decreasing the PC60BM ratio. This promoted further study on the relationship between the fullerene aggregation size and their electron wave functions.



2.3. Charge Separated States

As presented above, the domain size of fullerene aggregates greatly influences the charge dissociation time τ4. A small domain size would result in τ4 < τ3, leading to energy transfer from CT states to triplet excitons [62]. Marks’ group then made a calculation of the fullerene cluster and obtained interesting results [64]. In some material systems, all of the charge separated (CS) states can be remarkably collected as electrical current [65]. While in other systems, a large fraction of CS states are short-lived and recombine on similar time scale to the singlet excitations, which refers to lower energy CT states [66,67,68], Additionally, their occurrence has been empirically connected with poor morphology [69,70]. At a higher fullerene-to-polymer ratio, a larger domain size of fullerene can be formed. Thus, resonant CS states are abundant, and CT states should play a minimal role (Figure 5). They proposed that exciton delocalization in the polymer main chain may not be necessary for efficient charge generation, compared with the CS states formed from the aggregation of fullerene. If exciton delocalization in the donor were the primary determinant of charge generation efficiency, then geminate losses should be correspondingly independent of the acceptor used in the device. Furthermore, most of the D/A OPV systems are strongly dependent on the fullerene ratio. Their electronic structure calculations on the large clusters of functionalized fullerenes is well consistent with the transient pump-push-photocurrent data, which predicts several features of charge generation process, outside the framework of conventional theories, i.e., Onsager theory [71,72,73] and Marcus theory [74,75].

Figure 5. Fundamental charge generation processes, morphology, and device configuration in bulk-heterojunction organic photovoltaics: (a) Schematic depiction of the currently accepted bulk heterojunction microstructure with PC60BM acceptors (blue spheres) and polymer donors (gold strands) present with varying degrees of order and mixing; (b) Typical device configuration with the active layer (green) sandwiched between metallic and transparent electrodes. Interfacial layers (blue and gold) are chosen for selective extraction of electrons or holes. The states relevant to charge generation in (c) polymer:fullerene blends and (d) typical nonfullerene acceptor blends. Excited states (blue) predominantly occur in the donor phase with time-dependent localization and thermalization. In each case, the DOS accessible at the donor−acceptor heterojunction is depicted. In blends of fullerene (c), isoelectronic states resonant with the donor exciton facilitate charge generation directly. In nonfullerene blends (d), there is minimal accessibility to isoenergetic CS states, except through long-range tunneling or a Coulombically trapped intermediate. In each case, low-energy states are localized near the heterojunction and stabilized by the electron−hole Coulombic interaction. kCS refers to the rate of CT to unbound CS, kCT is the rate of CT to the low-energy CT, and kR is the rate of recombination. Cited from [64]. Copyright 2014, America Chemical Society.
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3. OPV Structure Design

In 1986, Tang et al. pioneered the donor-acceptor double-layer planar heterojunction to OPV cells with a PCE of around 1% [23]. Following this breakthrough in OPV cells was the adoption of C60 fullerene and its derivative, PC60BM, demonstrating the planar heterojunction OPVs in 1993 [26]. The simple layer-to-layer structure is the widest applied in OPV cells with a double-layer planar heterojunction, which is convenient for controlling in the vacuum evaporating system with high repeatability. However, the planar junction concept has certain shortcomings, including a small surface area between the donor-acceptor interface and the requirement of a long carrier lifetime to ensure that the charge carriers move to the corresponding electrodes [12]. In this case, BHJ was introduced to provide the larger D/A interface, which was firstly reported by Heeger and Friend [28]. A BHJ material is a solid state mixture of two components, D and A, with a nanostructured morphology formed by spontaneous phase separation: these D and A components self-assemble to form bicontinuous interpenetrating networks. Figure 6 shows the conventional device architecture of BHJ OPVs. The formation of interpenetrating networks requires the phase separation of component materials, in which the interfacial energy favors a large surface area and that each of the two components is fully percolated with connected pathways to the electrodes [76,77,78]. An “ordered bulk heterojunction”, consisting of vertically aligned conjugated polymer nanorods surrounded by the electron acceptor materials to form the ordered bicontinuous heterojunction morphology for the active layer, yet achieving this morphology, has been elusive [79,80].

Figure 6. Conventional device architecture of the bulk heterojunction solar cells. Cited from [78]. Copyright 2014, Wiley.
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It is difficult to control and characterize the non-equilibrium morphology of BHJs, and the reason is as follows. Firstly, the BHJ structure is usually prepared by spin-casting from a volatile solvent, which is very sensitive to solvent quality, evaporation rate, solution concentration, ambient temperature and moisture [81]. Secondly, the BHJ growth kinetics is controlled by a coupled crystallization-diffusion mechanism, so the key parameters, such as domain size, phase purity and polymer crystallinity, cannot be varied independently [82]. Thirdly, the disorder and anisotropy of the BHJ morphology at both molecular and nanometric length scales make it difficult to characterize through scattering and microscopy [83]. The design of the OPV structure may provide a new opportunity to overcome the bottleneck of BHJ for the significant improvement of PCE.

Several groups have used nanoimprint lithography to produce the polymer nanostructures by using a Si mold, leading to an increase of fabrication cost [84,85]. An anodic aluminum oxide (AAO) membrane is another widely used templates for the fabrication of polymer-based nanostructures, including nanotubes, nanorods, mesoporous nanostructures and vesicles [86,87,88,89].

However, imprint lithography has a couple of disadvantages. Firstly, master stamp fabrication is expensive and difficult, especially for large-scale OPV. Secondly, different designs for imprint lithography can be costly and time-consuming. Thirdly, the imprinted nanostructure has limited stability through solvent processing or heat treatments. Finally, the polymer crystallinity and grain orientations should be taken into consideration in the stamp design, due to the imprinted nanostructure inducing the alignment of the polymer chains within the template.

Recently, P3HT nanopillars have been fabricated by using AAO [90,91]. However, the basic or acidic solution used to remove the template will react with P3HT, deleteriously affecting the device performance [92]. In this case, Chen et al. presented a simple, cost-effective method for the fabrication of P3HT nanopillars by using PDMS to reduce the surface energy of AAO templates [93]. The procedure for the nanostructured OPV is shown in Figure 7. The PCE of OPV based on P3HT nanopillars was significantly improved from 0.82% to 2.4%.

Figure 7. Procedure for the nanostructured organic photovoltaic device. Cited from [93]. Copyright 2012, America Chemical Society.
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Moungthai et al. reported a simple approach to control the morphology of P3HT/PC60MB OPV based on the electron-beam pattering of polymer semiconductors, as shown in Figure 8 [94]. By directly patterning the P3HT with electron-beam lithography, a conductive nanostructure or microstructures could be obtained. Polymers with a cross-linked structure are resistant to heat and solvent. Therefore, they can be incorporated into devices for thermal annealing or solution-based processing. Cross-linked structures are very valuable for the fundamental structure-property investigation, since the nanostructure size, shape, density and placement are all controlled with computer software. Compared with the conventional BHJ devices, patterned P3HT films with a larger P3HT/PCBM interfacial area are conducive to the generated charge.

Figure 8. Direct patterning of gradient (top) and nanostructured (bottom) polymer/fullerene solar cells. ITO (indium tin oxide); PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate)); P3HT (poly(3-hexylthiophene), PCBM ((6,6)-phenyl-C61-butyric acid methyl ester). PCBM is spin-cast from dichloromethane (DCM). Cited from [94]. Copyright 2012, America Chemical Society.
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Tao et al. reported a crosslinking process for P3HT and applied it to the fabrication of planar and patterned BHJ OPVs, as shown in Figure 9 [95]. The results of neutron reflectometry and XPS demonstrated that PCBM could percolate throughout the crosslinked P3HT and form the intermixed network. Pillars with feature sizes down to 2 μm were produced, and after subsequent deposition of PCBM and thermal annealing, devices with efficiencies of up to 1.4% were obtained. The crosslinking process can lead to well-defined patterned films, and these structure films can give rise to OPVs in which efficiency is directly related to the amount of P3HT that remains.

Figure 9. Photographs (a–c) of patterned crosslinked P3HT films on glass/ITO/PEDOT:PSS substrates following deep-ultraviolet light (DUV), 254 nm wavelength exposure and solution development; (d) 3D AFM (atomic force microscope) image of 2-μm pillars in a patterned crosslinked P3HT film. Cited from [95]. Copyright 2013, Wiley.
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In addition to the crosslink structure, a novel design of OPV has been focused on the investigation of a novel device structure to capture more light. Loo et al. exploited a wrinkled and deep fold form on the polymer surface when subjected to mechanical stress to guide and retain light within the photo-active regions of photovoltaics [96]. Devices with such a kind of surface show an obvious improvement in light harvesting efficiency, particularly in the near-infrared region, where light absorption is otherwise minimal, as shown in Figure 10. About a six-fold external quantum efficiency (EQE) improvement could be obtained in the near-infrared region, where the useful range of solar energy conversion is extended by more than 200 nm. The presence of wrinkles and folds can also relieve mechanical stress, effectively increasing the robustness of devices constructed on top of such a surface [97,98]. The devices on a flat surface showed a 90% drop in JSC after 100 cycles, but the device with wrinkled surface exhibited a PCE that was more than 70% its original value.

Figure 10. Photon flux diagrams of the optical stacks on flat, wrinkled and composite surfaces: (a,b) simulations for λw = 1.8 μm and normal-incidence monochromatic illumination at 488 nm (a) and 750 nm (b). Red arrows show the net photon flux and blue arrows illustrate large-scale flow. Incident light of a shorter wavelength (488 nm) is efficiently absorbed by the P3HT:PCBM active layer (shown in yellow), so the addition of wrinkles and folds has little effect on the optical path. In contrast, the flow of incident light of longer wavelength (750 nm) is altered significantly, with inplane light trapping leading to a dramatic enhancement in absorption. Cited from [97]. Copyright 2012, Nature.
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A design for the top electrode could be more effective for light capture. Rafael et al. proposed and implemented an ad hoc path for light-harvesting recovery to bring photo-to-charge conversion up to almost 80% that of its opaque counterpart, resulting in a semi-transparent OPV that exhibits 30% visible light transmission and 5.6% PCE, as shown in Figure 11 [99]. The high transmission paved the way for designing and fabricating new types of photovoltaic modules with great potential to be incorporated into buildings as windows, thereby leading to the very good integration of a power generation source in a highly populated urban area.

Figure 11. Polymer blend and device: (a) polythieno(3,4-b)-thiophene-co-benzodithiophene (PTB7):(6,6)-phenyl-C71-butyric acid methyl ester (PC70BM) extinction coefficient; (b) Schematic view of the fabricated photovoltaic cells. Two stripes of ITO were crossed by eight stripes of silver layers defining 9 mm2 cells. The other layers between the electrodes were deposited to cover the entire substrate. A long metal stripe at the back was deposited to contact the ITO. Using a mask, the photonic crystal was grown to cover, as in the schematic, half of the devices. The layer thicknesses given for the photovoltaic part of the structure are the ones used for all semi-transparent devices in the current work. The thicknesses for the photonic-crystal layers correspond to a device for which the current density-voltage curve would be similar to the one shown in (c); Layer thicknesses are not fully to scale; (c) Current density-voltage curves for the opaque cell (Tk–Ag) (black), semi-transparent cell where top electrode is 10-nm-thick silver layer (Tn–Ag) (red) and the cell incorporating the photonic crystal (PC–Tn–Ag) (green) fabricated with 330 nm ITO. Cited from [99]; Copyright 2013, Nature.
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A wire-shaped structure is another attractive type of novel architecture for OPVs, which could be easily sealed with higher safety and scaled up with low cost. A core-sheath structure, where the light could be wave guided into the photoactive layer along the axial direction, has been studied recently [100,101,102].

Wire-shaped OPV could be divided into two parts: core-sheath architecture based on a single fiber and a twisting architecture from two fibers. In the former type, the P3HT and PCBM were sequentially coated on the optical fiber by a dip-coating process, and the aluminum layer was then deposited on the outer surface by thermal evaporation, as shown in Figure 12. This kind of architecture minimized the reflective and transmissive losses. Moreover, counter electrodes could be replaced by materials with high electron mobility, such as single-walled carbon nanotube (CNT) films [103]. In wire-shaped OPV, the thickness of the active layer is critical to the device performance. The PCE of wire-shaped OPV could be as high as 2.26%–2.31% with a P3HT/PCBM layer of 150–180 nm, which was close to 2.48% for their planar counterparts under identical conditions.

Figure 12. A wire-shaped OPV based on an optical fiber: (a) Schematic illustration; (b) Light illumination, propagation and confinement inside the active medium through reflection from Al and the refractive index difference between the layers; and (c) Dependence of the current density and efficiency on incident angles with respect to the axis of the optical fiber with a diameter of 1.5 mm. Cited from [100]. Copyright 2007, American Institute of Physics.
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Besides a single fiber electrode, wire-shaped OPVs have also been widely explored by twisting two fiber electrodes [104]. A flexible CNT fiber has been recently developed as one electrode and twisted with a titanium wire, which was grown with a layer of titanium and coated with photoactive materials, as shown in Figure 13. However, this type of OPVs shows a relatively low efficiency [105].

Figure 13. A CNT (carbon nanotube) fiber-based OPV: (a) schematic illustration; (b) J–V curves, respectively. Cited from [105]. Copyright 2012, The Royal Society of Chemistry.
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A recent development in the novel structural designs of OPVs architecture has been presented in the above section. However, there is still a large amount of work on the structure designs of HTL or ETL [106,107], and we cannot present all of them in detail. The reader may find analyses of novel structure designs in other reviews.







4. Approaches for Further Increasing PCE


4.1. Thermal Annealing

Thermal annealing is one of the most widely used post treatments to further increase devices’ PCE by controlling the morphology of the active layer [108,109,110,111,112]. Previous research has found that thermal annealing can increase both the crystallinity of P3HT and aggregation of PCBM in a P3HT:PCBM blend [113,114]. In this case, charge transport could be facilitated, which is mainly ascribed to an increased inplane π–π staking of P3HT for hole transport, and the agglomeration of PCBM provides pathways for electron transport [115,116]. Although the effect of thermal annealing on OPV performance has been demonstrated, more quantitative study of thermal annealing is still necessary.

Previous works on thermal annealing are mainly performed on the analysis of cast and treated devices at optimum temperature and its implication on device physical parameters. In last two years, several novel monitor methods have been introduced in order to further illuminate the mechanism of thermal annealing on the performance of the standard OPV based on P3HT:PCBM BHJ. Oklobia et al. investigated the formation of PCBM clusters upon thermal annealing of a P3HT/PCBM BHJ solar cell by using Raman image mapping, which is able to identify the PCBM rich region, as shown in Figure 14 [117]. The diffusion of PCBM molecules to form aggregates was scrupulously manipulated to induce a nano-structure to benefit the device performance by gradually annealing the blend film, from low temperatures through to an optimum temperature. Moreover, Tsoi et al. identified the lower fraction of ordered phase (or the higher fraction of disordered phase) in poly(3-hexylselenophene) (P3HS)-based films by means of resonant Raman spectroscopy and wide-angle X-ray scattering [118]. The results denoted that the higher fraction of the disordered phase in P3HS prevents the PCBM in blend films from forming the micrometric size aggregates during thermal annealing, which was different from that of annealed P3HT:PCBM films. Lower fraction, but higher quality of ordered phase in P3HS could benefit P3HS:PCBM photovoltaic performance.

Figure 14. Raman spectra recorded for a thermally annealed thin film (P3HT:PCBM, 1:1). This was taken from two points: (1) at a point containing PCBM aggregates, showing a weak Raman signal for P3HT (a); and (2) at a uniform region, showing strong Raman signal for P3HT (b), indicating a P3HT-rich region. Cited from [117]. Copyright 2013, Elsevier.
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Ng et al. used spectroscopic ellipsometry and transmission measurements to investigate the optical properties of P3HT:PCBM before and after thermal annealing [119]. They examined the use of isotropic and anisotropic models with multisample analysis and simultaneous fitting of both transmission and ellipsometry data to describe the annealed P3HT:PCBM blend films. It was found that two different oscillator models resulted in similar n and k values for isotropic sample models and for the n and k, corresponding to perpendicular polarization for anisotropic sample models, whereas there were differences in parallel polarization optical functions, as shown Figure 15.

Figure 15. Obtained n and k values for perpendicular and parallel polarizations, respectively. Cited from [119]. Copyright 2013, America Chemistry Society.
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Furthermore, Zhao et al. introduced optical absorption and photoexcitation-assisted capacitance–voltage (C–V) measurements to study the internal electrical polarization effect in the standard P3HT:PCBM solar cells [120]. Treated by thermal annealing, the light absorption of active layer could be observed, which was ascribed to the morphological development. Furthermore, the enhancement in absorption coefficient indicates stronger electrical polarization in the P3HT:PCBM films, leading to an enhancement on the generation of charge carrier at the D:A interface and the transport of generated charge carriers to the respective electrode interface in the P3HT:PCBM device. Shih et al. monitored in situ the change of P3HT:PCBM during thermal annealing [121]. They found that an annealing temperature higher than the glass transition temperature of P3HT (127 °C) is critical to the improvement of VOC. The in situ monitoring of electron/hole transport disclosed the variation of JSC and was a thermally activated process.

In spite of the optical measurements, morphology descriptions are also important to illuminate the mechanism of thermal annealing. Wodo et al. presented a graph-based framework to efficiently compute a broad suite of physically morphology descriptors [122]. Two large sets of morphologies with the blend weight ratios of 1:1 and 1:0.82 (A:D) have been employed to study thermal annealing, as shown in Figure 16. Thermal annealing could increase the feature size and coarsening of the morphology. It revealed that the coarsening of the morphology could improve the quality paths, as well as the total fraction of useful domains. At a certain point, the exciton dissociation becomes the bottleneck during annealing and cannot be compensated by the improving charge transport. However, the result of Wodo’s work showed that during thermal annealing, charge transport is the initial bottleneck rather than exciton dissociation.

Figure 16. Representative two-phase morphology evolution obtained via numerical simulation of thermal annealing for two blend ratios (1:1 and 1:0.82) from early stages (first row) until the final time (consecutive rows). Efficiencies as a function of annealing time t (dimensionless) for two different blend ratios. Plots show estimates of efficiencies for blend ratios 1:1 and 1:0.82. Cited from [122]. Copyright 2012, Elsevier.
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A combination of energy filtered transmission electron microscopy (EFTEM) and thermally stimulated current was used to investigate the effect of thermal annealing on the OPV performance, as shown in Figure 17 [123]. Thermal annealing for 10 min at 130 °C resulted in a better reordering of P3HT and PCBM into better domains and higher density of trap states in the P3HT phase compared to the as-cast OPV. Annealing of P3HT:PCBM solar cells had a beneficial impact not only on the local molecular order, but in particular on providing percolation paths for charge carriers.

Figure 17. TEM (transmission electron microscope) and energy filtere TEM- element specific imaging (ESI) micrographs from a cross-section of the solar cell: (a,b) bright-field-TEM images of the pristine and the annealed device; (c,d) ESI images of the solar cell before and after annealing for 10 min at 130 °C. The color scale displays the varying sulfur concentrations throughout the photoactive layer. The cross-sections were prepared by microtome cutting, which induces a high mechanical stress in the layers and can cause layer delamination. Because of this delamination, the top electrode is missing in the image of the pristine solar cell cross-section; (e,f) The profile analysis along the white arrows (in Panels c and d) revealed a more pronounced relative sulfur distribution for the annealed sample. Cited from [123]. Copyright 2013, America Chemical Society.
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Nieuwendaal et al. employed 1H spin diffusion nuclear magnetic resonance (1H NMR) spectroscopy to measure the domain size and compositional heterogeneities in P3HT/PCBM BHJ, as shown in Figure 18 [124]. They showed that the domains with a size of tens of nanometers and greater spatial homogeneity are favorable for a higher PCE. Furthermore, thermal annealing is less optimal than slow solvent casting as a means to achieve the desired degree of phase separation in polymer-fullerene BHJ films.

Figure 18. 1H NMR spectra of P3HT-PCBM: (a) combined rotation and multiple pulse spectroscopy (CRAMPS) spectrum of the physical mixture (50:50 by mass); (b) CRAMPS spectra of the neat components (PCBM is inverted) demonstrate the component breakdown of (c) the spin diffusion spectrum of the physical mixture (tm = 2 ms); (d) CRAMPS spectrum of the slow-spin unannealed thin film blend; (e) the spin diffusion spectrum of the physical mixture (tm = 2 ms); and (f)–(i) spin diffusion spectra of the slow-spin unannealed thin film blend for tm = 2 ms (f), 30 ms (g), 60 ms (h) and 240 ms (i). Cited from [124]. Copyright 2012, Wiley.
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Besides the above investigation, many groups paid attention to applying thermal annealing to increase the PCE of OPV in other donor-PCBM systems. Keivanidis et al. found that thermal annealing of the PIF8BT:PDI at 90 °C has a positive impact on the photocurrent generation efficiency and yields a corresponding increase in PL quenching [125]. It was also reported that thermal annealing could change the packing of poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta(2,1-b;3,4-b')-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) [126]. However, thermal annealing might cause some detriment to device performance. Street et al. demonstrated that thermal annealing could induce both nanostructure and electronic changes and broaden the exponential band tails and then increase the recombination rate by investigating the effect of thermal annealing on the performance of poly[(9-(1-octylnonyl)-9H-car-bazole-2,7-diyl)-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl)] PCDTBT:PCBM OPV [127]. It was also shown that the glass transition temperature of the blend reduces upon annealing; an observation consistent with the disruption of π–π stacking between PCDTBT molecules. Reduced π–π stacking is correlated with reduced hole-mobility in thermally annealed films [128].



4.2. Polar Solvent Annealing

Although thermal annealing could benefit the charge transport and separation efficiency in the D/A interface by facilitating the interdiffusion of the donor to PCMB, the limitation of thermal annealing is also obvious. Large-scale phase separation and the formation of structures could be detrimental to the device performance [129]. Extended thermal annealing has been shown to create a large aggregation of PCBM with a scale of tens to hundreds of micrometers, which exceeds the diffusion length of separated excitons [130]. This phenomenon can also result in the coarsening of nanoscale phase segregation, leading to unfavorable charge recombination and lower PCE [131]. Moreover, the high temperature of thermal annealing could probably impede the function of conjugated polymer and flexible substrate [132]. Furthermore, thermal annealing provides a rapid process for structural change, but crystallization and phase separation in the active layer could not be examined separately [133].

To achieve high device performance without damaging the polymers, the precise morphology control of the active layer is necessary. To this end, solvent vapor annealing (SVA) has been explored in recent years [134,135,136,137,138,139]. SVA is a versatile method, where a thin film is exposed to an atmosphere of solvent vapor diffusing into the deposited layer, the extent of which is dependent on and thus controllable by exposure time [134].

Zhang et al. elucidated the primary dynamics of exciton and charge photogeneration in SVA-treated OPV based on P3HT/PCBM BHJ by incorporating spectroelectrochemistry and time-resolved spectroscopy [136]. It was found that the SVA could promote the formation of P3HT nanocrystallites via self-organization. For the SVA-treated active layer, the red-edge excitation induced both instantaneous and delayed polaron formation, and blue-edge excitation induced prompt formation of polaron absorption in 830–1000 nm. The SVA blend films exhibited a dimension of exciton delocalization of ~7.6 nm and 6.6 nm under excitation wavelengths of 620 and 460 nm, respectively. SVA could avoid the random P3HT phases and reduce the disordered or amorphous polymer/PCBM aggregate, which were considered to be the polaron traps and carrier blocks, resulting in the polaron recombination and the decrease of free charge mobilities.

In addition, mesoscopic PCBM crystallites in SVA-treated OPV were studied by many groups. Bull et al. examined the role of PCBM crystallites by employing the scanning light beam-induced current (LBIC) technique, as shown in Figure 19 [137]. The results showed that SVA could lead to the formation of mesoscopic PCBM crystallites, ripening of electron-transporting domains, as well as the formation of a copolymer-rich overlay. However, the large crystallites of PCBM did not directly improve the PCE; they were associated with the surrounding regions of increased light absorption and improved photocurrent. Similar results were also found in the study of Nam et al. [138]. It was revealed that the solubility of alcohols is a key factor for controlling the morphologies, which determines the size of PCBM crystallites. In addition, Verploegen et al. observed the morphology of a P3HT/PCBM blend in real time by using grazing incidence X-ray scattering (GIXS) [139]. The SVA with chloroform and tetrahydrofuran (THF) can lead to smaller phase segregated domains (~52 Å and 62 Å, respectively) than thermal annealing at 130 °C (>130 Å). SVA results in the π–π stacking direction being predominately perpendicular to the substrate, which is more favorable for charge transport than the predominately parallel π–π stacking direction, as observed with thermal annealing. Moreover, Huang et al. reported the effect of dichlorobenzene (DCB) SVA on the performance of spray-coated OPV [140]. Compared to thermal annealing, DCB SVA shows a 20% increase in device PCE via ordered P3HT chains staking and PCBM cluster growing. A PCE of 3.61% could be obtained by combining the subsequent thermal annealing.

Figure 19. (a) Light beam-induced current (LBIC) map of 30-min solvent vapor annealing (SVA) 1:5 poly(4,7-bis(3-dodecylthiophen-2-yl)thieno(3,4-b)pyrazine-alt-9,9-dioctyl-2,7-fluorene) (BTTP-F)/PCBM film with a large PCBM crystallite. The PCBM crystallite does not generate large photocurrents, but a region surrounding the crystallite is enhanced; (b) I–V characteristics corresponding to locations on Panels a,c. The crystallite (A) produces the smallest power followed by the unannealed blend (D,E), but the enhanced region in the annealed blend (B) and the matrix (C) produce the greatest power; (c) LBIC map of the unannealed blend showing uniform photocurrent generation. Cited from [136]. Copyright 2012, America Chemical Society.
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Furthermore, several modification approaches based on solvents have also been reported with the capability of a significant enhancement of device performance. Li et al. employed solvent-soaking treatment to control the morphology of OPV active layer, resulting in the increase of PCE from 1.45% to 3.23% [141]. CH3OH/CS2 mixed solvent was incorporated to immerse the P3HT/PCBM blends, leading to the interpenetrating network of P3HT crystallites and PCBM nanoscale aggregates, as well as vertical phase separation of P3HT/PCBM. Moreover, solvent simply spin cast on the active layer could also benefit the OPV performance. Jeon et al. employed non-solvent swelling to treat the OPV [142]. Combining with the post-annealing treatment, a PCE of device from 1.58% to 3.01% has been obtained, resulting from: (1) a red shift of UV–Vis absorption maximum peak; (2) an increase in the penetration depth of the Al layer on the active layer; and (3) surface topology changes of the active layer. Zhou et al. used methanol on the top of a PTB7/PCBM surface to improve the PCE of devices by passivating the surface traps and increasing the surface charge density [143]. Faster decay kinetics after methanol treatment indicated a faster extraction of the mobile carrier, which was detected by the internal field-dependent transient photoconductivity measurement. In addition, Lee et al. reported that using 2-methoxyethanol and ethanolamine co-solvent to modify the ZnO interface in OPV based on PTB7/PCBM BHJ could lead to increased electron mobility, suppressed bimolecular recombination and minimized contact resistance [144].

The overall device characteristics of OPVs with different polar solvent treatments were improved with varied successes, which are summarized in Table 1.

Table 1. Summary of device characteristics of OPVs with different polar solvent treatments. FF, fill factor; PCE, power conversion efficiency.


	Solvents
	Methods
	Active Layer
	VOC (V)
	JSC (mA/cm2)
	FF (1)
	PCE (%)
	Ref.





	Methanol (ME)
	Direct exposure
	P3HT/PC60BM
	0.63
	9.40
	0.52
	2.9
	[138]



	Ethanol
	Direct exposure
	P3HT/PC60BM
	0.64
	10.20
	0.56
	3.25
	[138]



	Propanol
	Direct exposure
	P3HT/PC60BM
	0.64
	9.26
	0.47
	2.7
	[138]



	Butanol
	Direct exposure
	P3HT/PC60BM
	0.64
	9.27
	0.45
	2.76
	[138]



	Methanol
	Solvent annealing
	PTB7/PC70BM
	0.72
	14.69
	0.73
	7.72
	[144]



	Ethanol (EA)
	Solvent annealing
	PTB7/PC70BM
	0.72
	14.75
	0.72
	7.65
	[144]



	2-ME
	Solvent annealing
	PTB7/PC70BM
	0.71
	14.45
	0.71
	7.28
	[144]



	2-ME + EA (1%)
	Solvent annealing
	PTB7/PC70BM
	0.71
	16.76
	0.73
	8.69
	[144]



	Methanol
	Solvent annealing
	PTB7/PC70BM (Al cathode)
	0.75
	13.92
	0.68
	7.20
	[143]



	Methanol
	Solvent annealing
	PTB7/PC70BM (Ca/Al cathodes)
	0.76
	15.46
	0.68
	7.94
	[143]



	Chlorobenzene (CB)
	Solvent annealing
	PBDTTPD/PC70BM
	0.88
	9.11
	0.61
	4.92
	[145]



	DCB
	Solvent annealing
	PBDTTPD/PC70BM
	0.89
	10.52
	0.53
	4.99
	[145]



	DCB
	Solvent annealing
	p-phenylenevinylene copolymer/PC70BM
	0.81
	6.32
	0.55
	2.80
	[146]



	Chloroform (CF)
	SVA
	PCDTBT/PC70BM
	0.87
	15.65
	0.52
	7.03
	[147]





PBDTTPD: poly(benzo(1,2-b:4,5-b')-dithiophene−thieno(3,4-c)pyrrole-4,6-dione).








4.3. Additive

In addition to annealing treatment, recently the use of additives has attracted extraordinary attention over the annealing process because of its ease of implementation and effectiveness in enhancing the device performance, which does not require an additional fabrication step [148]. Additives were firstly found to be effective in P3HT/PCBM-based devices and then to be extended to the low-bandgap polymer-based devices, e.g., PCPDTBT and poly(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl) (PBDTBDD) [149]. Two general guidelines for additive design are as follows: (1) the boiling point must be significantly higher than that of the processing solvent to maximize the interaction time between the additive and the active layer components during thin film formation; and (2) one active layer component must be significantly more soluble in the additive than other components [150]. Recent promising additives fulfilling these guidelines have been incorporated in enhancing the OPV performance [151,152].

For BHJ systems containing donor polymers, such as PTB7, PCPDTBT and others, 1,8-diiodooctane (DIO) affords the highest PCE enhancement observed to date [153,154,155,156]. Recently, several groups have employed advanced characterization methods to investigate the changes in the active layer. Lou et al. used small-angle X-ray scattering techniques to analyze the effects of DIO on the aggregation of PTB7/PCBM-based OPV [157]. The DIO added to a CB could completely dissolve the PC70BM aggregates, promoting the formation of smaller domains and greater donor-acceptor interpenetration within the active layer. This may be attributed to the opposite charge of the iodine atom and PC70BM shares, leading to the strong interaction with each other and the enhanced solubility of PC70BM in the presence of DIO. Furthermore, grazing incidence X-ray diffraction (GIXD), small-angle neutron scattering and resonant soft X-ray scattering were carried out to determine the crystallinity and phase separation of the resultant PCPDTBT/PCBM thin films processed with or without additives [158]. The GIXD results presented that the primary function of an additive is to act as a nonsolvent for the PCPDTBT and a good solvent for the PCBM, wherein the CB, a good solvent for both PCPDTBT and PCBM, evaporates; the mixed solvent becomes poorer for the PCPDTBT, whereas the PCBM remains solubilized. With further evaporation of CB, the solvent quality for the PCPDTBT decreases and the PCPDTBT aggregates and crystallizes into fibrils, whereas the PCBM remains dispersed. During the final stage of solvent evaporation and as the additive evaporates, the PCBM and remaining non-crystalline PCPDTBT aggregations fill the interfibrillar regions, as shown in Figure 20.

Figure 20. Morphology for PCPDTBT/PCBM thin films processed without additives (a) or with additives (b). Cited from [158]. Copyright 2012, Wiley.
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In addition to conventional donor materials, the effect of DIO has also been demonstrated in the novel donor-acceptor BHJ. Ye et al. utilized 3 vol% DIO to optimize the OPV based on PBDTBDD: bis adduct of phenyl-C61-butyric acid methyl ester (Bis-PCBM) (1:1 w/w), resulting in a high PCE of 6.07% with a relatively high VOC of 1.00 V, compared to 4.55% for the OPV without DIO [159]. Moreover, Dou et al. applied DIO to optimize the morphology of active layer based on novel polymers, including PBDTT-DPP, PBDTPDPP, PBDTT-FDPP and PBDTP-FDPP [160]. Furthermore, Do et al. demonstrated that the DIO was related to the different response to the novel materials [161].

Similar to DIO, adding a small volume of 1,8-octanedithiol (ODT), 1,8-dichlorooctane (DCO) and 1-chloronaphthalene (CN) in the active layer has been demonstrated to improve the PCE of OPV significantly [162,163,164]. Etzold et al. used solid-state nuclear magnetic resonance (NMR) spectroscopy to study in detail the effect of ODT on the morphology and excited state dynamics in PCPDTBT:PCBM BHJ [162]. ODT could significantly reduce the total internal quantum efficiency loss due to the geminate recombination by about 30% and facilitate more free charge generation. Aïch et al. combined two conventional additives of DIO and CN to utilize as the co-additives in ortho-dichlorobenzene and CB solution to tune the donor and acceptor domains in PBDTTPD/PCBM BHJ [165]. In the co-additive system, CN enhances the solubility of the polymer and suppresses the formation of large polymer domains, while DIO acts as a PCBM crystallization controller, resulting in performance enhancement from PCE = 3.2% of 3% DIO only and PCE = 4.7% of 4% CN only to PCE = 7.1% of co-additive of 4% CN and 1% DIO. Furthermore, Chang et al. verified that PCBM crystallization is favored over P3HT crystallization in DIO/CB and CN/CB BHJ films [166]. In particular, the OPVs based on addition of CB, nitrobenzene (NB), DIO and CN all remained stable over at least 300 h.



The squaraine (SQ) donor is another type of additive, which also shows great potential in being using as the donor in OPVs. Huang et al. incorporated the squaraine dye in P3HT/PCBM blends to obtain a 38% increase in PCE [167]. It was found that the squaraine additive could benefit the exciton migration, which was detected by femtosecond spectroscopy. Squaraine additive could also improve the near-infrared absorption of the active layer [168].

Despite the conventional additive, several novel additives were also introduced to improve the performance of OPV in recent years. Lobez et al. presented a new class of additives based on regioregular poly(thiophene)s [169], where the side chains of this polymer have been functionalized at the termini in every other thiophene unit, leading to the enhancement in JSC from 9.32 to 12.2 mA/cm2. 4-Bromoanisole (BrAni) is another effective additive for P3HT blends [170]. One percent BrAni could result in the PCE of OPV based on P3HT/PCBM BHJ being improved from 3.32% to 4.15% [171]. Moreover, adding 1:250 of 2,3,5,6-tetrafuloro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) on the active layers of PCDTBT:PC70BM could improve the PCE from 6.41% to 7.94%, which was mainly ascribed to the enhancement of JSC from 11.0 to 14.0 mA/cm2 [172]. Furthermore, 1.5% N-doped carbon nanotube was found to be an effective additive in PTB7:PCBM BHJ, resulting in an enhanced PCE from 7.3% to 8.6% [173]. In addition, 2,3-bis(5-bromothiophene-2-yl)acrylonitrile (DTDBAL) was synthesized by Chen et al. to improve the charge transport and exciton dissociation in the P3HT/PCBM system, and a 36% increase in PCE has been observed [174]. Besides, 13% polyvinylcarbazole (PVK) was introduced in P3HT:IC60BA BHJ to significantly increase the VOC from 0.56 to 0.78 V, which was attributed to the modified interpenetrating networks of P3HT:IC60BA [175].

Additives have been demonstrated to significantly improve OPV performance, and recent additives applied in OPVs are listed in Table 2. Despite the widely used DIO, a large amount of materials have the potential of being applied in these systems. An additive with near-infrared absorption and high charge mobility would be very promising. Still, these are a lot of problems to be addressed, including the accurate characterization of additive in the active layer for the understanding of the mechanism of the D–A-additive system, the detailed regulation of additive concentration and the decrease of the charge recombination rate during the charge transfer process at the D/additive or A/additive interface.

Table 2. Summary of device characteristics of OPVs based on various additives.


	Additives
	Vol (%)
	Solvent
	Active Layer
	VOC (V)
	JSC (mA/cm2)
	FF (1)
	PCE (%)
	Ref.





	DIO
	3
	CF
	BDT-DPP/PC70BM
	0.76
	8.49
	0.60
	3.88
	[176]



	DIO
	7
	ODCB
	BDT-DPP/PC70BM
	0.72
	11.86
	0.61
	5.29
	[176]



	DIO
	2.5
	-
	PCPDTBT/PC70BM
	0.62
	14.90
	0.50
	4.62
	[158]



	DIO
	3
	-
	PBDTBDD/Bis-PCBM
	1.00
	10.02
	0.61
	6.07
	[159]



	DIO
	3
	-
	PBDTFBZS/PC70BM
	0.88
	12.03
	0.71
	7.74
	[177]



	DIO
	3
	ODCB
	PBDTTPD/PC70BM
	0.87
	6.6
	0.55
	3.2
	[165]



	CN
	4
	ODCB
	PBDTTPD/PC70BM
	0.85
	9.4
	0.59
	4.7
	[165]



	CN + DIO
	10 + 1
	ODCB
	PBDTTPD/PC70BM
	0.87
	11.0
	0.67
	6.4
	[165]



	CN + DIO
	4 + 1
	CB
	PBDTTPD/PC70BM
	0.93
	10.89
	0.70
	7.1
	[165]



	MeN + DIO
	2 + 3
	Xylenes
	PDTSTPD/PC70BM
	0.89
	11.7
	0.60
	6.2
	[178]



	ODT
	2.5
	-
	PCPDTBT/PC70BM
	0.61
	14.39
	0.44
	3.87
	[158]



	DCO
	2.5
	-
	PCPDTBT/PC70BM
	0.63
	11.80
	0.46
	3.45
	[158]



	BrAni
	1
	-
	P3HT/PC60BM
	0.63
	11.16
	0.59
	4.15
	[171]



	BrAni
	2
	-
	N(Ph-2T-DCN-Et)3/PC70BM
	0.96
	7.81
	0.50
	3.60
	[170]



	P6
	0.25
	-
	P3HT/PC60BM
	0.60
	12.2
	0.53
	3.78
	[169]



	F4-TCNQ
	0.004
	-
	PCDTBT/PC70BM
	0.90
	14.0
	0.63
	7.94
	[172]



	N-MCNTs
	1.5
	-
	PTB7/PC70BM
	0.7
	17.4
	0.69
	8.41
	[173]



	SQ
	1
	-
	P3HT/PC60BM
	0.60
	11.6
	0.65
	4.51
	[167]



	DPSQ
	5
	-
	P3HT/PC60BM
	0.61
	8.9
	0.68
	3.65
	[168]



	Me-naph
	2
	Toluene
	PIDT-phanQ/PC70BM
	0.87
	10.8
	0.65
	6.1
	[179]



	Me-naph
	2
	o-Xylene
	PIDT-phanQ/PC70BM
	0.86
	10.5
	0.63
	5.7
	[179]



	DTDBAL
	0.05
	-
	P3HT/PC60BM
	0.66
	10.58
	0.52
	3.60
	[174]



	DPP-CN
	8
	CN/THF
	P3HT/PC60BM
	0.66
	12.29
	0.58
	4.70
	[180]



	PVK
	13
	-
	P3HT/IC60BA
	0.78
	9.1
	0.50
	3.5
	[175]



	PCBTTE
	5
	-
	P3HT/PC60BM
	0.61
	11.06
	0.65
	4.37
	[181]





MeN, methyl naphthalene; BDT-DPP, benzodithiophene-diketopyrrolopyrrole; N(Ph-2T-DCN-Et)3, tris{4-[5''-(1,1-dicyanobut-1-en-2-yl)-2,2'-bithiophen-5-yl]phenyl}amine; DPSQ, diphenyl-functionalized squaraine; N-MCNTs, N-doped multiwall carbon nanotubes; Me-naph, 1-methylnaphthalene; DPP-CN, diketopyrrolopyrrole-cyanovinylene-4-nitrophenyl; PCBTTE, [6,6]-phenyl-C61-butyric acid 2-(2′,2′:5′,2′-terthiophene-5′-yl)ethyl ester.









5. Conclusions and Outlook

Recent developments in OPVs have shown that, assisted with the further illustration of the key photophysical process in OPV, the design of a novel structure and the application of efficient modification, the performance of OPVs can be significantly improved. It is believed that the maximum PCE of OPVs must rise above 15% in the laboratory before they can be practically useful, which has been realized by the perovskite OPVs and is getting close in polymeric OPVs. For a reachable PCE limit of 22%–27% [182], further work should be focused on the descriptions below:


	(i)

	It is part of a trend to apply an apparatus with a capability of capturing the motion trail of charge carriers at the femtosecond level for the characterization of the photophysical process in OPV. With the advance in characterization techniques, the mechanism of charge transfer could be more clearly understood, leading to the better design and synthesis of organic functional materials with low-bandgap and strong near-infrared absorption;



	(ii)

	The design of a novel device architecture is an efficient way for improving the PCE. To break the limit of conventional thin film BHJ, there have been several new architectures, e.g., wrinkled surface, wire-shape OPV and nanostructured OPV, to be realized to trap more incident light and to pave the way for more efficient charge transfer. The future work in this area should be focused on designing large-scale compatible and low-cost processable architecture;



	(iii)

	Post modification is a convenient method to benefit the device performance directly. The general annealing, including solvent annealing and thermal annealing, is also effective with respect to the new synthesized materials. However, the mechanism of these conventional annealing process is still unclear. With the development of characterization methods, much effort should be made on the illustration of these modifications for more precise control. Moreover, there is a large amount of novel modification that can be incorporated to make a contribution toward high device performance, e.g., soaking method, doping additives and inversing methods.





In this review, we would like to bring some insights to the readers via expatiating the recent advantages in OPV. This current knowledge is far from complete. However, rapid progress is being made, without any doubt with respect to the writing of this review. This review demonstrates not only that there is a lot more work to be performed, but also that the promise of OPVs, which are carving avenues towards future environmentally-benign and sustainable power sources, is greater than ever.
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