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Abstract:
The performance of bulk heterojunction (BHJ) organic solar cells (OSCs) strongly depends on the intermolecular packing of donor:acceptor (D:A) molecules, as it directly influences the photo-phyiscs and charge transfer properties of the blend. Intermolecular packing can be tuned by solvent additives and/or chemical structure of molecules to optimize the performance of OSCs. Three high efficiency polymer:fullerene systems are investigated based on the donor polymers PCPDTBT, PTB7 and PTB7-Th (also known as PBDTTT-EFT). For the PCDPTBT:PC71BM system, we demonstrate that the use of the solvent additive diiodooctane (DIO) which is employed to optimize solar cell efficiency actually increases interface disorder by 13 meV despite lowering bulk disorder by 35 meV.  In contrast, Urbach energy (bulk and Interfacial charge transfer (CT) state) and reorganization energy (λ) are minimally influenced by the addition of DIO in PTB7:PC71BM & PTB7-Th: PC71BM devices, where PTB7-Th is a chemical analogue of PTB7. However, PTB7-Th devices show a remarkably low voltage losses (~ 100 meV) with respect to other systems studied here, suggesting a favorable energy landscape at the D:A interface for charge separation. Hence, optimizing the molecular structure of the donor polymer can help to overcome the voltage losses even when solvent additive treatment is applied.
Keywords: Voltage losses, Organic Solar cells, Reorganization energy, Electroluminiscence, Urbach Energy.



Introduction:
In organic semiconductors, the primary photoexcitations are strongly bound Frenkel excitons, which makes the physics involved in OSC technology distinctively different to that of inorganic solar cell technology. To dissociate such strongly bound Frenkel excitons, OSCs utilize an electron donating material that is commonly referred to as the donor (or D) and an electron accepting material that is referred to as the acceptor (or A).1 Fullerene derivatives such as [6,6]-phenyl-C61/C71-butyric acid methyl ester (PC61BM)/(PC71BM) are the most commonly used electron acceptors in the OSC community due to their high electronegativity and superior charge transport properties. 
While many parameters are crucial to achieve state-of-the-art efficiencies, the properties of the D:A interface are especially important as they impact the electron transfer rates that govern the probabilities of charge transfer and charge separation.2-4 The nature of the D:A interface also affects recombination which occurs via the CT state. Furthermore, the open circuit voltage of a BHJ OSC is also influenced by the molecular arrangement of D:A interface.5, 6 We note that the molecular engineering strategy has made a vast difference by increasing the efficiencies of OSC beyond 10%.7-9 Theoretical investigation suggest that intermolecular arrangements play a crucial role in interfacial energetics, charge-transfer rates and charge separation on the optical excitation of polymer:fullerene blends,2, 10-12 which ultimately dictates the device physics of OSCs. Recently, it was shown for a few polymer:fullerene systems (using solid-state 2D NMR spectroscopy to identify the local proximity (<1nm) of 13C and 1H nuclei to correlate the intra- and inter molecular packing of the D:A interface) that if the acceptor moieties of the donor polymers are sterically accessible to the fullerene acceptor then the performance of the solar cells is high.13 Also the effect of DIO on the donor:acceptor molecule is widely studied in terms of morphology, like in PCPDTBT:PC71BM, DIO align the polymer chains and make it more crystalline14 whereas, in PTB7-Th:PC71BM the effect on donor polymer’s crystallinity is less evident.15 In addition, in PCPDTBT:PC71BM , PC71BM is getting aggregated16 and in PTB7-Th:PC71BM , it is dispersing.15 While the manner in which the D:A interface affects the performance of OSCs (in particular the open circuit voltage) has been demonstrated to get high VOC, the quantitative impact of the chemical structure and/or processing steps such as the use of solvent additives on interfacial disorder has not been assessed in detail.
In this paper, we study three polymer:fullerene blend systems and correlate the effect of their chemical structure and different processing treatments on bulk and interfacial disorder. In particular the impact of the solvent additive 1,8-diiodooctane (DIO) on bulk and interfacial molecular ordering in the PCPDTBT:PC71BM, PTB7:PC71BM and PTB7-Th:PC71BM systems are examined in detail. High sensitivity photocurrent action spectroscopy, electroluminescence spectroscopy, and EL quantum efficiency studies are employed to investigate the intermolecular photo-physics in these BHJ OSCs. By separately assessing molecular order associated with bulk and interfacial ordering, we show that in the PCPDTBT:PC71BM system, the use of DIO results an increase in interfacial disorder even though the overall solar cell performance improves and bulk disorder decreases. For the more efficient PTB7:PC71BM and PTB7-Th:PC71BM systems, the use of DIO has a minimal effect on interfacial order, implying that the morphological improvements that accompany the use of DIO (namely, the tuning of domain size) do not come at the expense of interfacial order. The results presented here, therefore, provide fresh insight into how chemical structure and processing treatments affect interfacial properties. Our study also provides the guidelines for the designing of new donor polymers that exhibit better electronic coupling with acceptors, enabling the maximizing of VOC with enhanced JSC and FF. 
Results:

	Figure 1 shows the chemical structures of the different donor and acceptor molecules employed along with their corresponding BHJ OSC dark and illuminated J-V characteristics. Device fabrication conditions were optimized for all the devices to achieve the maximum PCE (see Table 1 for device parameters). A detailed explanation of the procedure for the fabrication of the device is mentioned in the experimental section. Examining the dark current-voltage characteristics, for all three devices and for any given voltage, the dark current is lower in cells processed without DIO when compared to cells processed with DIO. The without-DIO devices also exhibit a higher turn-on voltage. PCPDTBT:PC71BM devices fabricated with and without (w/o) DIO show performances of 4.5% (Voc = 0.58 V, JSC = 14.7 mA/cm2, FF = 52.6%) and 2.6% (VOC = 0.68 V, JSC = 8.9 mA/cm2, FF = 42.7%), respectively, which is consistent with the values reported by others.14, 17, 18 PTB7:PC71BM devices processed with and w/o DIO exhibit PCEs of 6.2% (VOC = 0.75 V, JSC = 13.5 mA/cm2, FF = 61%) and 1.4% (VOC = 0.76 V, JSC = 5.31 mA/cm2, FF = 34%), respectively. The increase in the performance of the PCPDTBT:PC71BM and PTB7:PC71BM devices with DIO treatment is attributed to the improvement in the JSC and fill factor. The difference in the JSC values are also reflected in the External quantum efficiency (EQE) spectra of these devices (shown in Figure S1, Supporting Information). Best PCEs of 8.3% (3.8% w/o DIO treatment) were recorded for PTB7-Th:PC71BM devices. Integrated JSC values calculated from the EQE spectra for these devices are mentioned in Table 1 and are within 5% of the JSC values obtained from the J-V curves.
	Photocurrent in a bulk heterojunction solar cell primarily originates from optical absorption by the polymer or by the acceptor. However, the nature of the D:A interface determines the efficiency of exciton dissociation and the probability of free charge formation. In order to probe the nature of the D:A interface, the CT state absorption, which is the result of excitation of the D:A CT-complex, is studied. Conversely, the radiative decay of excited CT states to the ground state can also be examined. The manner in which the D:A interface changes with the addition of DIO which in-turn affects the performance of OSCs can thus be studied by interrogation of the CT state. We have used a high-sensitivity photocurrent spectrum measurement setup to record the current response from the device in the low energy region (also referred to as the “reduced EQE spectrum”6). Figures 2a and 2b show the reduced EQE spectra for with- and without- DIO PCPDTBT and PTB7 BHJ solar cell devices, respectively. The photocurrent response beyond ca. 1.46 eV19 and ca. 1.65eV20 in PCPDTBT and PTB7 cells, respectively, corresponds to photocurrent generation from band-to-band optical excitation of either the donor or the acceptor materials. The photocurrent response in the spectral energy range from ~1.46 eV to ~1.35 eV and ~1.65 eV to ~1.5 eV in the PCPDTBT and PTB7 cells, respectively, corresponds to the excitation of the sub-bandgap state in the of tail density of states of the donor or the acceptor.21, 22  The photocurrent responses at energies even lower correspond to CT state transitions and are almost 3–4 orders of magnitude lower than bulk absorption.6, 13 The estimation of the energetic disorder in these two systems at different spectral regions directly probes the degree of energetic disorder (in terms of the Urbach energy (EU)) that is present in the bulk and at the CT interface. EU is derived from the equation, , in which A is the absorbance, A0 is the fitting constant, and Eg is the bandgap of the material.23-25 EU is calculated from an absorption spectrum reflects both the light, that is absorbed due to band-to-band transitions (which significantly contributes to the device current) and the sub-band gap tails states, which are usually defects and do not contribute to device current but affect VOC significantly. To differentiate between the Urbach energies from these two states, the EU is calculated from photocurrent spectrum of the device.24, 25 The photocurrent signal is directly proportional to the absorption coefficient (α) of the film at lower energy regions. Thus, EU can be calculated from the EQE spectra with the following relation at the low energy region.25, 26
………………………………………………………………..(1)
The fits that are used to determine the EU that corresponds to bulk disorder and the EU that corresponds to the CT state disorder from the photocurrent spectra are shown in Figure 2; the EU values that are obtained for different BHJ OSCs are summarized in Table 2. For PCPDTBT:PC71BM cells processed with DIO addition, the bulk EU reduces when compared to cells processed w/o DIO. Specifically, EU-bulk values of 75 meV and 40 meV are obtained for PCPDTBT:PC71BM cells processed w/o and with DIO, respectively. For PTB7-based devices that are processed w/o and with DIO, EU-bulk values remain constant at a value of 48 meV. Sensitive absorption spectroscopy measurements were also conducted on neat PTB7 and PCPDTBT films by using photothermal deflection spectroscopy (PDS); the spectra are shown in Figure 2, which differentiate between pristine polymer films absorption and blend CT states absorption (i.e., photocurrent spectrum; Iph is proportional to ∝(E), see in Eq. 1) of the films. The bulk Urbach energy that is calculated from the PDS studies on pristine PCPDTBT and PTB7 films are 29 meV and 35 meV, respectively (fitting is shown in Figure S2, Supporting Information). When the EU values corresponding to interfacial CT states are obtained from photocurrent measurements, EU-CT is actually found to increase after the addition of DIO in PCPDTBT:PC71BM cells; increasing from 41 meV for cells processed without DIO to 53 meV for cells processed with the DIO. On the other hand, for PTB7:PC71BM cells, the EU-CT value is not significantly affected by the addition of DIO, decreasing slightly from 44 meV (without DIO) to 42 meV (with DIO). Similar measurements were conducted on PTB7-Th:PC71BM-based organic solar cells (OSCs), with PTB7-Th being a chemical analogue of PTB7. As observed in the PTB7:PC71BM cells, the bulk and CT EU values of the PTB7-Th: PC71BM system do not vary much with values of ca. 30 meV recorded for both the bulk and the CT state. The fitting for bulk and CT Urbach is shown in Figure S3. 
The photocurrent action spectra of Figure 2 were also fitted in the CT spectral region with equation (2) derived from Marcus theory:6 
                                                                                (2)
This equation provides a link between the photocurrent response to interfacial parameters such as diagonal bandgap, that is, ECT and the reorganization energy (λ). Here ECT is the effective CT state bandgap, k is the Boltzmann’s constant, and T is the absolute temperature. The λ values along with the CT state energies are determined by the fitting of the reduced EQE spectrum to equation 2 in the polymer BHJ solar cells that are studied here (summarized in Table 3). The change in λ after the addition of DIO is more prominent in PCPDTBT:PC71BM devices in which λ is found to increase from 255 meV for cells processed without DIO to 321 meV for cells processed with DIO. For PTB7:PC71BM devices λ decreases slightly, from 312 meV to 307 meV, after addition of DIO. The lowest overall value of λ is obtained for the PTB7-Th cells, with values of 202 meV and 199 meV obtained for cells (Figure S3) processed w/o and with DIO devices, respectively. PTB7:PC71BM and PTB7-Th:PC71BM follows a trend that is opposite to what we observed in the PCPDTBT:PC71BM system. Table 3 summarizes the ECT values obtained for all cells. 
	EL characterization of polymer solar cells provides further insight into the nature of the interfacial CT state.27 Figure 3a shows the EL spectra of the PCPDTBT:PC71BM and PTB7:PC71BM cells. These EL spectra correlate well with the device CT state profiles that are observed in the high sensitivity photocurrent spectroscopic studies (see Fig. 3). The PTB7:PC71BM cells show a blue-shifted EL spectrum when compared to the PCPDTBT:PC71BM devices, which suggests higher energy ECT states. We also notice that the FWHM values of the EL spectra are different in different solar cells (see Table 2 and Fig. 3). Although such differences in FWHM have been observed in previous studies, the origin of such differences has not been given much consideration and has not been explained in detail.27, 28 In the PCPDTBT:PC71BM system, the FWHM increases from 256 meV to 312 meV when DIO is added. In the PTB7:PC71BM system, a slight decrease in the FWHM of the emission spectrum (from 350 meV to 330 meV) is found in the DIO-processed device. As shown in Figure S4, the FWHM obtained from the EL spectrum of the PTB7-Th:PC71BM cells does not change with the addition of DIO. These EL results further confirm the distinct behavior of the D:A interfaces of the PTB7:PC71BM and the PTB7-Th:PC71BM systems. 
In order to understand these changes in the FWHM of the EL spectrum with changes in processing treatment, bias-dependent EL quantum efficiency (ELQE) measurements have been carried out. The ELQE is calculated by using the formula, 
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Figure 3b and 3c show the ELQE plot of PCPDTBT:PC71BM and PTB7:PC71BM blend solar cells, respectively, as a function of applied bias. In low bandgap polymer PCPDTBT:PC71BM solar cells, the ELQE shows bias-dependent characteristics once the device is treated with DIO, whereas the device processed w/o DIO shows bias-independent ELQE characteristics. Interestingly, an opposite trend is observed in PTB7:PC71BM cells, in which PTB7:PC71BM cells processed with DIO ELQE start saturating after 2 V, while the device processed w/o DIO shows bias-dependent characteristics. Behavior that is similar to that of PTB7:PC71BM is observed in PTB7-Th:PC71BM cells, in which PTB7-Th:PC71BM cells that are processed with DIO ELQE saturate at much lower bias when compared to the device that is processed w/o DIO (Figure S4, Supporting Information). It is also to be noted that the magnitude of the ELQE of the PTB7-Th:PC71BM cell processed with DIO is double that of the ELQE of the PTB7-Th:PC71BM cell processed w/o DIO. ELQE data with respect to the diode current of these devices are shown in Figure. S6, Supporting Information. These results can be explained using interfacial BHJ trap-filling model, where lesser trap density system will show bias independent ELQE. A detailed discussion on this is further in discussion section.29
The VOC inside an organic solar cell is strongly related to the CT state energy (ECT). The voltage loss between ECT and qVOC is due to both radiative voltage loss (ΔVradiative) and non-radiative voltage loss (ΔVnon-rad). The ΔVradiative component is the minimum voltage loss between the ECT and qVOC and is a thermodynamically unavoidable loss mechanism for a given material system. On the other hand, the ΔVnon-rad component can be reduced by the minimizing the non-radiative recombination channels at the CT interface. The non-radiative voltage loss in OSC devices are calculated using the formula,6
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The values are summarized in Table3. The non-radiative voltage loss increases from 0.35 V (w/o DIO) to 0.4 V (with DIO) in PCPDTBT:PC71BM devices, and from 0.35 V (w/o DIO) to 0.37 V (with DIO) in PTB7:PC71BM devices; whereas, there is a slight increase in the magnitude of the non-radiative voltage loss in the PTB7-Th:PC71BM device that is processed with DIO (0.32 V) when compared to the PTB7-Th:PC71BM device processed w/o DIO (0.3 V). These values are lower than those found in the PCPDTBT:PC71BM blend.
Discussion:

	The results presented here demonstrate that the processing conditions used to fabricate BHJ OSCs plays a crucial role in determining the bulk and interfacial properties. Furthermore, the nature of the donor polymer that is employed also influences the bulk and the interfacial behavior. EU calculations from sensitive photocurrent measurements for PCPDTBT cells indicate a decrease in the bulk disorder (decrease in EU-bulk) when the DIO solvent additive is employed. This decrease in bulk disorder helps in the improvement of the charge transport property inside the blend. To confirm this, we have performed the mobility measurements using the space charge limited current (SCLC) method (figure S5 and Table S1). It is evident from Table S1 that both hole and electron mobility are enhanced by the addition of DIO in the PCPDTBT:PC71BM cells. We attribute this increase to better interconnecting pathways within the polymer chain and the aggregation of PC71BM;14, 16 as a result the films becomes slightly rougher (Figure S7).This aggregation of PC71BM further facilitates charge separation from bound CT-state after photo-excitation of PCPDTBT.30, 31In the case of PTB7:PC71BM cells, there is no change in the bulk-EU values, which suggests that the disorder inside the blend remains unaltered by the addition of DIO. From the mobility calculation of PTB7:PC71BM devices, it is found that the charge transport properties are enhanced due to the addition of DIO.32 We attribute the better charge transport property in DIO-processed PTB7:PC71BM devices to the dispersion of the fullerene molecules in the PTB7 matrix, causing the deactivation of charge trapping states in the blend film. 32, 33 
	In the PCPDTBT:PC71BM cell, an increase in the intermolecular CT state disorder (increase in EU-CT) was found when using DIO. This increase in EU-CT suggests that there is a broader exponential tail density of states at the D:A interface after the addition of DIO. The broader the exponential tail of the DOS, the more disorder present. The reorganization energy (λ) parameters that are derived from equation 2 are influenced by the energetic disorder that is present at the D:A interface. If the active medium contains CT states with structurally or vibronically different D:A arrangements, then these different molecular arrangements will contribute to different absorption/emission energies, thereby increasing the width of the CT energy band spectrum, which results in an increased λ value.34 Since reorganization energy directly reflects the interfacial energetic disorder and the molecular arrangement at the D:A interface, the values of λ should strongly correlate with the EU-CT values. As observed from EU-CT  and λ calculations, the use of DIO that is employed to increase the cell performance also increases the energetic disorder at the interface, hence slight increase in voltage loss. Addition of DIO in PCPDTBT system increases voltage losses, however, with the aid on charge transport (fill-factor) properties and charge generation (JSC) by getting optimal nano-crystalline bulk heterojunction morphology, hence we find an overall improved solar cell efficiency.
In PTB7:PC71BM cells, the use of DIO had the least effect on the intermolecular CT state disorder with a negligible difference of ≈ 2 meV in CT Urbach and 5 meV in λ. The interfacial disorder decreases with application of the DIO which is opposite to PCPDTBT:PC71BM devices. This negligible change in the EU-CT led to similar VOC values in with and without DIO PTB7:PC71BM devices. The spectral change occurring with the addition of DIO in the CT energy range might also occur due to molecular packing changes away from the interface, since EQE spectrum depicts charge generation and collection inside the diode. To make sure that the changes in the spectral shape at the CT energy range is associated with the CT states properties, EL measurements are carried out in these devices. Since the EL spectrum that is measured from a BHJ OSC arises from the radiative recombination at the D:A interface, the width of the EL emission spectrum provides direct information about CT states disorder in the active medium. If the bulk active medium comprises intermolecular CT states with energetic disorder, it will contribute to the emission signal that causing a broad EL spectrum. From the results shown in the previous section, changes in the width of the EL spectra correlate well (Table 2) with the observed changes in EU-CT and . In the PCPDTBT:PC71BM system, the width of the EL emission increases with the addition of DIO, which suggests enhanced disorder at the CT interface and is consistent with the observation of an increase in EU-CT and reorganization energy, analogous to ordering changes seen in the classic P3HT:PC61BM system.17, 35 In contrast, in the PTB7:PC71BM system, the EL width slightly decreases with the use of DIO, which suggests a decrease in the interfacial disorder and is consistent with the observed decease in  (Table 2). 
Furthermore, ELQE measures the amount of light that is emitted from the CT state with respect to the carrier that is injected into the device. The recombination of the injected charge carriers occurs through both radiative and non-radiative CT state recombination. The ELQE (Eq. 3) is essentially the ratio of the number of photons that are emitted by the device to the number of charge that are injected. If radiative bimolecular recombination is accompanied by non-radiative trap-assisted recombination at the D:A interface, the EL efficiency will be dependent on the applied voltage. The D:A interfaces with a higher amount of disorder will contribute to non-radiative CT recombination, which results in bias-dependent or current-dependent ELQE.29, 36 The PCPDTBT:PC71BM device that is processed w/o DIO shows a bias-independent ELQE in contrast to the device that is processed with DIO, which shows a strong bias dependence, suggesting the presence of intermolecular CT state traps or disorder. In the PTB7:PC71BM system, devices that are processed w/o DIO show bias-dependent ELQE characteristics, whereas the slope of devices that are processed with DIO continuously decreases with an increase in the applied bias. Thus, one can conclude that there is more intermolecular CT energetic disorder in PTB7:PC71BM cells that are processed w/o DIO when compared to cells that are processed with DIO. 
	It is evident from the results in this study that the use of the solvent additive DIO has decreased the bulk disorder which led to increase in the device performance, simultaneously increases in the disorder at the D:A interface is also observed in the PCPDTBT:PC71BM system. This increase in disorder results in non-radiative recombination and, thus, increases the VOC loss in with DIO device. On the basis of the EU, λ and ELQE results it may be observed that PCPDTBT:PC71BM devices that are processed with DIO have more non-radiative losses when compared to as-cast devices; whereas, in PTB7:PC71BM, DIO treatment does not introduce significant interfacial disorder, which is in agreement with almost similar VOC values for with and without DIO devices. From this study, it is inferred that device-processing treatments such as the use of solvent additive helps in improving bulk properties of the active layer, such as crystallinity and domain size, which plays a vital role in promoting charge transport and collection. However, this processing treatment can also simultaneously increase the energetic disorder of CT states leading to less VOC. The increase in CT disorder is pronounced in systems in which the acceptor moiety of donor polymers interaction with fullerene molecule is sterically hindered.13, 37, 38 
To probe the interaction of fullerene acceptor with the donor moieties, and to correlate it with the addition of DIO we conducted sensitive photocurrent and EL measurements on PTB7-Th-based solar cells, which have a similar donor and acceptor moiety to that of the PTB7 polymer. Similar to the PTB7:PC71BM system, the addition of DIO has a minimal effect on the bulk and CT state Urbach energies of PTB7-Th:PC71BM as summarized in the Table 2. The results suggest that when the interaction between the fullerene acceptor and acceptor moiety in donor is sterically favored, then addition of secondary solvent treatment to improve bulk morphology has little effect on the CT state parameters. Comparison of PTB7:PC71BM and PTB7-Th:PC71BM data also enables how the substitution of pendent group in the PTB7 side chain influences the interfacial CT state parameters.39 PTB7 and PTB7-Th polymers have very similar chemical structure with difference in the electron acceptor unit, the benzodithiophene (BDT), in which the addition of 2-ethylhexyl-thiophenyl in the BDT unit of PTB7 leads to the formation of the PTB7-Th molecule.. Incorporating the 2-ethylhexyl-thiophenyl unit in PTB7, has reduced the bulk & CT state Urbach energy and interfacial reorganization energy. This suggests that addition of 2-ethylhexyl-thiophenyl unit has resulted in better bulk molecular packing and reduced disorder at the CT interface. When the EL spectra of these devices are examined (See Figure 4c), it is observed that the FHWM of the EL spectrum of PTB7:PC71BM is 100 meV larger than that of PTB7-Th:PC71BM. The EU-CT and FWHM broadening suggests that PTB7 has broader exponential density of states, and the addition of the 2-ethylhexyl-thiophenyl unit in PTB7 helps in reducing the interfacial disorder between the donor and the acceptor, which, in turn, increases the open circuit voltage of the device. It may be noted from the figure 4d that ELQE saturates after 1.5V in the case of PTB7-Th:PC71BM but not in the case of PTB7:PC71BM, which further confirms the higher trap density in PTB7:PC71BM when compared to PTB7-Th:PC71BM. The above observations suggest that in the PTB7-Th:PC71BM-based solar cell, the energy loss at the D:A interface is minimum when compared to the chemical analog PTB7:PC71BM and indeed when compared to PCPDTBT:PC71BM.  These factors result in PTB7-Th:PC71BM exhibiting the best photovoltaic performance in this study. 
[bookmark: _GoBack]The push-pull donor polymers having bulky side chain in the donor moiety causes the PC71BM molecule move towards the acceptor moiety of the polymer, which can lead to the better steric interaction between the donor acceptor moiety and the PC71BM molecule.13 The improvement in the bulk and interfacial bi-molecular packing in the PTB7-Th:PC71BM system in comparison with PTB7:PC71BM blend system can be attributed to the better steric interaction of the PC71BM molecule with the acceptor moiety of PTB7-Th polymer.
Experimental Section:

	Materials: PCPDTBT, PTB7 and PTB7-Th were purchased from 1-Material Inc. PC71BM was purchased from Solenne BV. The solvents, 1,2-dichlorobenzene (anhydrous 99%), chlorobenzene (anhydrous 99%), and 1,8 diiodooctane; and materials, polyethyleneamine, 2-methoxyethanol, and zinc acetate (powder) were procured from Sigma–Aldrich. Materials were used as received unless mentioned otherwise. 
	Inverted solar cells with architecture ITO/PEIE/Active layer/MoO3/Ag were fabricated for PTB7 and PTB7-Th cells. A configuration of ITO/ZnO/Activelayer/MoO3/Ag was used for PCPDTBT-based cells. ITO-coated glass substrates that were procured from Lumtec (sheet resistance, 7Ω/sqr) were cleaned by ultra-sonicating them in acetone and an IPA solution consecutively, each for ten minutes. The ITO substrates were then treated with oxygen plasma at RF power, 18 W, for ten minutes. A thin layer of polyethyleneamine (PEIE) from a 0.4 wt% solution in a 2-methoxyethanol or ZnO from 0.1 M of zinc acetate solution in 2-methoxyethanol was coated over the ITO and cured at 110  ͦC and 200  ͦC, respectively, for 10 min. The substrates were then transferred to an N2-filled glove box (GB) for the spin coating of the active layer. For PTB7:PC71BM cells, the blend solution was prepared with a 1:1.5 weight ratio and 25 mg/ml total concentration in chlorobenzene (anhydrous 99%). The PCPDTBT:PC71BM blend solution was prepared from chlorobenzene (anhydrous 99%) with a total concentration of 30 mg/ml and a PCPDTBT:PC71BM weight ratio of 1:2. A solution concentration of 25 mg/ml was chosen for PTB7-Th:PC71BM blends in chlorobenzene (anhydrous 99%) with a blend weight ratio of 1:1.5. For PCPDTBT, PTB7, and PTB7-Th cells, 3 Vol% of DIO was optionally added to the host solution before spin coating. All blend solutions were kept stirring overnight on the hotplate at 70 C. The blend solutions were spin-coated over the PEIE or ZnO-coated ITO substrates. The spin-coating parameters were optimized to achieve the best performance in all cases. The hole extraction layer MoO3 (15nm) and silver metal layer (100nm) were thermally evaporated at a pressure of 3  10-6 mbar inside a vacuum chamber that was integrated within the GB. The devices were encapsulated in the GB with Devcon 2-Ton Epoxy resin and taken out for characterization.
The dark and light current-voltage (J-V) characteristics of the solar cells were measured with a Keithley 2365 source meter. Simulated sunlight (100 mW/cm2AM 1.5G) was provided by a Sciencetech SF150ABA solar simulator. Before the measurement, the light intensity of the solar simulator was calibrated with a calibrated silicon photodiode that had a KG3 filter. The EQE and the reduced EQE spectrum were measured by using commercially available Bentham (PVE300) in an AC mode (90 Hz frequency). The intensity of the light that was used in the EQE measurement was less than 1 mW/cm2, and effort was taken to ensure that the spot size was smaller than the active area of the device. For EL studies of PCPDTBT:PCBM, PTB7:PCBM, and PTB7-Th:PCBM  cells, a liquid-nitrogen-cooled InGaAs array detector in conjunction with an Acton SP2300 spectrometer was used to collect the light. For bias-dependent ELQE measurements, the current-voltage-luminance curves were measured using a Keithley 2400 source meter, Keithley 2000 multimeter, and a calibrated large area Si photodetector that was purchased from Hamamatsu.40

Conclusion:

	In this study, we have demonstrated that the use of the solvent additive DIO can have differing effects on bulk and interfacial intermolecular ordering in polymer-based BHJ OSCs. In particular in the PCPDTBT:PC71BM system, the use of DIO resulted in an increase in interfacial disorder despite improving overall solar cell performance and decreasing bulk disorder. This increase in interfacial disorder limits the VOC achievable and hence limiting the overall efficiency of PCDPTBT:PC71BM cells. However, with the right molecular structure the morphological benefits of solvent additive treatment do not have to come at the expense of interface order as observed for the PTB7:PC71BM and PTB7-Th:PC71BM systems. From this study we conclude that for systems where there is a favorable steric interaction between polymer and fullerene the interfacial properties are least affected by DIO treatment, enabling improvements in JSC and FF to be enjoyed without compromising on VOC. Comparison between the PTB7:PC71BM and PTB7-Th:PC71BM systems also showed that the subtle change in chemical structure resulted in a significant reduction of λ by  100 meV. Such an observation provides an important link between chemical structure and interfacial disorder, which will be important for the future development of new molecules for OPVs, in which, currently, fundamental losses have been reduced (from λ = 0.3 eV to 0.2 eV).
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Figure 1: (a) Molecular structure of PCPDTBT, PTB7, PTB7-Th and PC71BM. The dark and illuminated current density (J) versus voltage (V) characteristics of (b) PCPDTBT:PC71BM (as-cast -open triangle and with DIO-solid triangle), (c) PTB7:PC71BM (as-cast –open circle and with DIO solid circle) and (d) PTB7-Th:PC71BM (as-cast –open square and with DIO solid square) BHJ solar cells. 
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Figure 2: Reduced EQE spectrum of PCPDTBT:PC71BM, and PTB7:PC71BM BHJ solar cells. a) Represents the PCPDTBT:PC71BM devices and b) plot represents the reduced EQE spectra of PTB7:PC71BM. The fit for Urbach energy calculation and equation (1) are also represented.
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Figure 3: a) Electroluminescence (EL) spectra of BHJ OSCs. The as-cast cells are represented by open symbols, and processed cells are represented by solid symbols; b) and c) represent the bias-dependent ELQE plot of PCPDTBT:PC71BM and PTB7:PC71BM BHJ solar cells, respectively.
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Figure 4: a) Chemical structure of PTB7 and PTB7-Th donor polymers; b) Reduced EQE spectrum; c) Electroluminescence (EL) spectrum and d) bias-dependent ELQE plots of with-DIO PTB7:PC71BM, and PTB7-Th:PC71BM BHJ solar cells.




Table 1: Device parameters of OSCs for the polymers shown in Figure 1a). The values in the parenthesis represent the average PCE values of eight solar cells.






Table 2: Summary of Bulk and CT state Urbach energy and reorganization energy of OSCs that were obtained from fitting Equation 1 of the reduced EQE spectrum. The fits are shown in Figure 2. 






Table 3: Summary of ECT and non-radiative voltage losses that were calculated using Equation 2.
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Device  Processing   condition  V OC (mV)  J SC (mA/cm 2 )  J SC   from  EQE   (mA/cm 2 )  FF  ( % )  PCE(%)  
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  PTB7 - Th :PC 71 BM  w/o DIO  0.83  9. 7  10.4  47.5  3.8   (3.3)  

w/   DIO  0.79  16.1  15.9  64.8  8.3   (8.1)  
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