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ABSTRACT
Impedance spectroscopy measurement is employed to study the impact of thermal annealing on charge carrier lifetimes in P3HT: PCBM bulk heterojunction solar cells. Upon thermal annealing at 150°C, a correlation between charge carrier lifetime and device performance is identified. The best power conversion efficiency reported here corresponds to the devices annealed at 150˚C, yielding the longest charge carrier life time. In addition to lateral segregation, thermal annealing promotes accumulation of PCBM molecular aggregates towards the cathode inducing vertical segregation as is evident from the analysis of results obtained from capacitance – voltage measurements. Based on Mott-Schottky relation, the measured values of the flat band potential as a function of thermal annealing is correlated to the concentration of PCBM at cathode interface and a compositional gradient profile induced by thermal annealing is proposed. 
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1. Introduction
Applications of solution – processable organic semiconductors in optoelectronic devices have become increasingly popular in the past few years [1, 2]. This has been driven by their potential for fabricating highly efficient devices; owing to their ease of synthesis, tuneable optical and electronic properties, low cost fabrication and flexibility of their devices [3-5]. Amongst the various organic semiconductors, the use of composite polymers and fullerenes for organic solar cells (OSCs) have received extensive interests within the academia and industry [6, 7]. OSCs fabricated from the blend of polymer, poly (3-hexylthiophene) (P3HT) and fullerene, [6, 6]-phenyl-C61-butyric acid methyl ester (PCBM) have been the subject of much investigations over the past decade [8-10]. The structure and morphology of bulk heterojunction (BHJ) active layers of these devices are critical to their power conversion efficiencies (PCEs) [12-14]. These have a significant impact on operational parameters, such as exciton dissociation [15]; charge generation and transport [16] and subsequently the PCE of the completed device. For P3HT: PCBM – based solar cells, thermal annealing has been proven as one of the most effective method for tuning active layer morphologies [17]. In our previous studies, by gradually annealing to about 150°C, best PCE for devices fabricated from 1:1 blends of P3HT: PCBM was obtained [13]. A combination of UV–Vis absorption spectroscopy and optical microscopy was employed to elucidate the association of the fullerene molecular segregation and D/A phase separation within the photoactive bulk; establishing a correlation between morphological variation and device performance. Other reported experimental techniques include Photoluminescence (PL) spectroscopy in probing charge transfer dynamics [19]; grazing incidence X-ray diffraction studies in providing insight into molecular conformations [18, 20]. Combined with direct current (dc)–voltage characterisations, these methods have been frequently applied for evaluating PCEs of polymer/fullerene BHJ solar cells. Although widely used, dc measurements are informative at best and can provide useful insight in device parameters such as series resistance [21]. They are often presented to a degree, as an indirect assessment of the charge carrier mobility (properties) within the bulk and charge collection at the interface [21, 22]. Alternatively, alternating current (ac) measurements due to their voltage dependence on frequency, can be directly applied to probe the electrical properties of both bulk and interfaces [23].  AC impedance spectroscopy (IS) measurements has been a very useful method, in providing relevant insights into the mechanisms of devices such as the dye sensitized solar cell (DSSC) [24-26], organic field-effect transistors (OFETs) [27], and organic light emitting diodes (OLEDs) [28]. Compared to dc measurements, the application of IS measurements in OSCs is relatively limited. Even so, some of the reports on this method have provided interesting information on charge carrier mobility and lifetimes in the devices’ active layer [29-31]. Previously, we investigated the impact of charge carrier mobility on recombination mechanisms in the P3HT: PCBM based solar cells [32]. Depending on processing conditions, phase separation in the active layer influences the respective charge carrier mobilities. Optimum annealing highlighted a relatively prominent trap-assisted recombination mechanism (above its Langevin counterpart), largely attributable to PCBM molecular segregation. 
In the present study, we investigate the significance of charge carrier lifetimes to device efficiencies and its impact on recombination employing ac analysis. Unlike dc methods, it is possible to elucidate the role of interfaces within the bulk active layer of OSCs directly [33]. From the analysis of impedance responses of devices under varying illumination intensities and bias conditions, as a function of thermal annealing conditions, we are able to highlight the significance of charge carrier lifetimes to device performance. In addition to IS measurements, capacitance–voltage (C-V) characterisation technique for mapping thermal annealing induced vertical segregation in polymer/fullerene BHJ solar cells is presented. 
2. Experimental
P3HT (regioregularity of 96.6%, Ossila Ltd.), and PCBM (Solenne BV, The Netherlands), were used as purchased. A 1:1 blend of P3HT: PCBM, with a concentration of 25 mg/ml in dichlorobenzene (DCB), was used in this study. Details of the blend preparation procedure, device fabrication and current–voltage characterisation under illumination can be found elsewhere [13]. The structure of the devices fabricated is ITO/PEDOT: PSS/P3HT: PCBM/Al. The active layer thickness of the device is ~ 150 nm. Both IS and C-V measurements were performed using a HP 4264A LCR Precision meter. The complex ac impedance spectra were measured in Z–θ mode, for a frequency range of 20 Hz to 1 MHz. The oscillating amplitude was between 20 – 50 mV, with an applied dc bias of 0.5 V. For the C-V measurements, a fixed frequency of 1 kHz was used, with an ac voltage of 0.05 V.  A LABVIEW programme, controlling the LCR meter via a GPIB interface was used to acquire all IS and C-V data. All IS data obtained were fitted to appropriate equivalent circuits, using an EIS Spectrum Analyzer software [34]. 

3. Results and Discussions
3.1. Current density – voltage (J – V) characteristics
The J – V characteristics of BHJ P3HT: PCBM devices are shown in Fig. 1. The photovoltaic parameters extracted from Fig. 1 are summarised in Table 1. The devices were thermally annealed at 50, 75, 100, 125, 150 and 175°C, for 10 minutes each. It is evident from Table 1, that the short circuit current density JSC improves with annealing temperature up to around 150C after which deterioration in JSC is observed. In contrast, the open circuit voltage, VOC tends to reduce upon thermal annealing up to 100C, there after it increases with further thermal annealing. In all cases the power conversion efficiencies tend to follow the same trend as JSC, with the highest PCE recorded at 150C. A possible reason for the observed JSC dependence on thermal annealing could be improved polymer crystallinity, and favourable D/A separation. Improved crystallinity in the donor phase would ensure efficient exciton generation [15]. Other contributory factors include efficient exciton dissociation, improved charge carrier mobilities and the transport of charges to the respective electrodes [16, 19]. The impact of these factors has been carefully studied and discussed previously [32]. However, in this paper, we focus on the impact of charge carrier lifetimes. According to the Braun’s model on Photogeneration, charge transfer states have a finite lifetime [35] and once separated, they can again form a bound pair. The reformed and long-lived charge transfer states subsequently act as a precursor for free charge carriers [36]. We believe the longevity of charge carriers, along with optimised D/A phase separations, ensures efficient charge collection. 
3.2. Impedance Spectroscopy measurements
The impedance measurements for our BHJ devices with the structure ITO/PEDOT: PSS/ P3HT: PCBM/Al are presented using Cole-Cole plots in Fig. 2. In the low frequency IS response of the device (as cast) under 1 sun illumination and short circuit condition, we note that the resistance (x-intercept) approaches the shunt resistance extracted from the J–V curve under similar conditions (~2500 Ω). This observation is consistent with previous work by Leever et al [33], supporting the correlation between impedance response and the device I-V curve. To extract further information associated with our device’s electrical response, we fitted the impedance data to an equivalent circuit model. As is evident, the impedance spectra (Fig. 2 and 4) does not exhibit very smooth semi-circular arcs, indicating more than one pair of resistance–capacitance (in parallel) in an equivalent circuit [37], was required to provide a fit. This contrasts with a single semi-circular arc that have been shown to be well fitted to an equivalent circuit consisting of a resistor in series with a parallel resistance-capacitance combination [33].  The equivalent circuit model described by Yoon et al [38], shown in Fig. 3, gave a good quality fit to our impedance responses as depicted in Fig. 2 and 4. RS corresponds to the Re Z axis intercept at high frequencies. This resistance accounts for the resistive losses at the ITO/PEDOT: PSS interface [33, 38], which almost remains constant under varied illumination and sample bias (Fig. 2). The R2||CPE combination, where CPE is a constant phase element with an equivalent capacitance Ceq corresponds to a recombination resistance and chemical capacitance respectively. Both R2 and CPE are generally accepted to be associated with charge transfer processes at D/A interfaces [33, 38], and R1||C1 associated with the bulk resistance (in parallel with the external interface) and capacitance [23, 38]. 

Impedance responses of our P3HT: PCBM–based devices as a function of thermal annealing temperatures are shown in Fig. 4 (a).  The parameters R1, R2, C1, and Ceq were extracted from the fitting of the equivalent circuit model in Fig 3, where the average charge carrier lifetime () was calculated using the following equation:
                                                                                                                   (1)
and are summarised in Table 2 Although the equivalent circuit model employed in this work provided a good fit to the impedance data, we also examined an alternative model [39, 40]. We found that in comparison to the model in Fig. 2, the alternative equivalent circuit model did not provide a fit of the data in this work, as can be seen depicted in Fig. 4(b). A correlation between thermal annealing and charge carrier lifetimes was confirmed, as shown in Fig. 5. As the annealing temperature was increased from 50 to 100°C, a slight improvement in τavg was observed. Further thermal annealing beyond 100°C resulted in a significant rise in the average carrier lifetime, with maximum value recorded after annealing at 150°C (6.23 µs). Beyond this temperature, it was observed that τavg abruptly deteriorates. It should be noted however, that the range of carrier lifetimes (2.52 – 6.23 µs) determined here, is typical of P3HT:PCBM systems, and are in agreement with previous reports [33, 38, 41]. Furthermore, the charge carrier densities of the devices were calculated by integration of the chemical capacitance (Ceq) at the applied voltage (0.5 V) near VOC [42]. These were found to be in the range of 1016 – 1017 cm-3, consistent with other reports [41, 42].  Our best device efficiency obtained after annealing at 150°C, could presumably be due to the longer average carrier lifetime that contributed to an improved charge collection, leading to higher current density values, as shown in Table 1. This strongly suggests that the thermal annealing of devices at around 150°C induced phase segregations with optimised D/A interfaces and efficient bulk transport networks. Our previous study on similar device indicated an increase in decay rate constant associated with germinate recombination upon thermal annealing at 150˚C [32]. It was concluded that an increase in hole carrier mobility could have been responsible for improved PCE resulting from thermal annealing at 150˚C.  Additionally, we also suspect in the present study, that the increase in charge carrier lifetimes could also be due to the reformation of interfacial charge–transfer states [16], as it is a possibility that should be completely ruled out. 
Vertical segregation of the composite P3HT and PCBM blends has been previously observed [14, 42]. This has mostly been attributed to their different solubilities, surface energies and the dynamics during spin casting processes [43, 44]. Although lateral phase separation is induced by thermal annealing, it is also believed that the same process could lead to vertical segregation [14]. To verify the impact of thermal annealing on vertical segregation we have employed C–V measurement technique, which is discussed further in the following section.
3.3. Capacitance – Voltage (C – V) measurement analysis
The nature of interfacial interaction between the back electrode and P3HT: PCBM blend using a C–V measurement analysis, was previously reported by Guerrero et al [45]. In their work they demonstrated the significance of charge-neutrality layer (CNL) [46] to metal/organic contact equilibration, highlighting the separate contributions from the bulk band bending and that from the interfacial dipole layer. Considering these factors, the cathode equilibration has been expressed in terms of the energy (qVfb) required to overcome active layer band bending leading to flat-band condition according to the relation [47]
                                              qVfb = EF – ϕC – Δ                                                                      (2)
Where Vfb is the potential under flat-band condition at the cathode, EF the active layer Fermi level, ϕC is the cathode Fermi level and Δ the interfacial dipole formed at the active layer/cathode interface. For a given polymer/fullerene system Vfb is largely dependent on the magnitude of Δ, which has been demonstrated to be sensitive to the amount of fullerene formed at the interface [46, 47].  By performing a Mott-Schottky analysis, the degree of fullerene coverage (or concentration) on or towards the film surface of active layers polymer/fullerene blends can therefore be probed. The accumulation of a particular specie of the composite blend (either electron donor or acceptor material) plays a significant role in carrier selectivity at respective electrodes [47]. The Mott – Schottky relation is given as C-2 = 2(Vfb – V)/A2qεrε0N, where N is defined as the concentration of acceptor impurities, V applied voltage, A device active area (0.13 cm2 in this work), q the electronic charge, and εr the relative dielectric constant, ε0 permittivity of vacuum.
Our experimental C–V data was found to follow the C-2 vs. V Mott – Schottky characteristics, shown in Fig. 6, for our P3HT: PCBM blend devices: as cast and after annealing at 150°C. It exhibits a straight line over a wide bias voltage range, from which Vfb and N, for as cast and thermally annealed devices were extracted, (assuming εr is 3.4 for P3HT: PCBM). These are summarised in Table 3.
The values of N estimated in the present work are within the range of reported values in literature [48, 49]. Extracted values of Vfb reveal an interesting correlation with thermal annealing. A flat band potential of 0.68 V was determined for as cast device, which is consistent with reported values [47]. Although Vfb values above 0.68 V have been previously reported [47] for a P3HT: PCBM system, it is important to mention that the difference in processing conditions could account for such variation in flat band potentials. As such fullerene distribution at the active layer/cathode interface is expected to differ, according to the interfacial dipole strength (see Eq. 2). Upon thermal annealing (100°C), Vfb was reduced by ~0.18 V, and continues to reduce, following further annealing. This trend was observed to become steady after annealing at 150˚C, with only a small variation (~0.01 V). The range of extracted Vfb values as a function of thermal annealing (0.5 – 0.34 V, between 100 - 150°C) does not differ largely from other reported values [47]. Compared to the values for thermally annealed P3HT:PCBM devices reported by Guerrero et al [47], we noticed a difference in the range of ~0.02 – 0.14 V higher, presumably because our devices were thermally annealed post- cathode deposition, and Al cathode was used (as opposed to Ca/Ag). Based on the cathode equilibration model involving flat-band conditions and dipole layer formation [45], we infer from our Vfb values that the PCBM concentration at the active layer/Al interface seems to increase with thermal annealing. This also supports the view of thermally-induced vertical segregation of PCBM molecular aggregates towards the cathode interface [12, 14]. Additionally, we note that this observation is consistent with our previous optical microscopy study [13], where images of PCBM clusters on P3HT: PCBM blend film surface was observed upon thermal annealing. The temperature at which the cluster formation of PCBM became remarkably evident was noted at 100°C and it is interesting that the measured Vfb values significantly reduces after the same 100°C mark. Hence by performing the stepwise thermal annealing protocol, it seems that 100°C marks a critical point in which the migration of PCBM to the top surface is initiated, after which significant nanomorphological changes begin to occur. Furthermore between 150 and 175°C, we noticed that Vfb remains almost unchanged, suggesting that after annealing at 150°C, PCBM accumulation towards the cathode interface almost reaches saturation. Especially in the cases were the top electrode restricts further migration of PCBM molecular aggregates when post-annealed. Therefore, the proposed thermally- induced vertical segregation is summarised graphically in Fig. 7. The result of such a vertical D/A profile is expected to be favourable for the efficient harvesting of charge carriers at the electrodes respectively. 
4. Conclusions
Photocurrent dependence on thermal annealing in P3HT: PCBM solar cell has been previously demonstrated. It is indicative of annealing induced morphology in the blend active layer. It is also well known that via thermal annealing, optimised D/A interfaces is critical to efficient exciton dissociation. We have herein investigated the significance of charge carrier lifetimes in BHJ P3HT: PCBM solar cells. Applying ac impedance measurement analysis, the electrical properties of D/A interface was probed. Our results reveal that extending charge carrier lifetimes is significant to improving device PCEs.  After annealing at the optimum temperature (150°C), the longest charge carrier lifetime of 6.23 µs was measured, corresponding to the best device efficiency of 3.84%. Consequently, to have a system with efficient charge collection, long lived charge carriers in addition to optimised D/A interface, improved charge transport network, plays a significant role. The reduced built-in potential, Vfb determined from C–V measurement analysis as a function of thermal annealing is indicative of increased PCBM cluster concentration towards the cathode. The thermally-induced vertical segregation suggested here supports favourable contact selectivity for organic solar cells. 
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