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Abstract

:

Silicon phthalocyanines (SiPc) are showing promise as both ternary additives and non-fullerene acceptors in organic photovoltaics (OPVs) as a result of their ease of synthesis, chemical stability and strong absorption. In this study, bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F)2-SiPc)) and bis(2,4,6-trifluorophenoxy) silicon phthalocyanine ((246F)2-SiPc)) are employed as acceptors in mixed solution/evaporation planar heterojunction (PHJ) devices. The donor layer, either poly(3-hexylthiophene) (P3HT) or poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), was spin coated followed by the evaporation of the SiPc acceptor thin film. Several different donor/acceptor combinations were investigated in addition to investigations to determine the effect of film thickness on device performance. Finally, the effects of annealing, prior to SiPc deposition, after SiPc deposition, and during SiPc deposition were also investigated. The devices which performed the best were obtained using PCDTBT as the donor, with a 90 nm film of (345F)2-SiPc as the acceptor, followed by thermal annealing at 150 °C for 30 min of the entire mixed solution/evaporation device. An open-circuit voltage (Voc) of 0.88 V and a fill factor (FF) of 0.52 were achieved leading to devices that outperformed corresponding fullerene-based PHJ devices.
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1. Introduction


Organic photovoltaics (OPVs) have been of major interest over the past years as a potentially lightweight, flexible, and semi-transparent renewable energy source. Indeed, solar energy holds great potential [1,2], and inexpensive processing of OPVs can lead to a shorter energy payback compared to inorganic silicon cells [3,4,5]. The most common OPV device configuration is a bulk heterojunction (BHJ), which is based on a random network of electron donating semiconductive polymers and electron accepting small molecules [3]. The most studied donor/acceptor pair is P3HT (poly[3-hexylthiophene]) and PC61BM (phenyl-C61-butyric acid methyl ester) resulting in baseline power conversion efficiencies (PCEs) ranging from 2% to 5% [6]. Recently, BHJ OPV devices have reached high PCEs (sometimes above 15%) when employing small band gap polymers and non-fullerene acceptors (NFAs) [7,8,9,10]. In a BHJ, the active layer is a kinetically trapped blend of acceptor and donor materials that, with time and heat, will undergo a detrimental phase separation [11,12]. Secondly, the active layer blend morphology is a function of the processing conditions and will therefore depend on factors such as shearing speed and drying time, thus presenting significant challenges in transitioning from lab-scale device fabrication to scale-up and commercialization. The use of a planar heterojunction (PHJ), where the donor/acceptor bilayer is formed through successive physical vapor depositions, can lead to more interesting morphologies by engineering greater charge percolation to the respective electrodes followed by a simpler development through independent thickness optimization (as compared to blend engineering for BHJ). PHJ devices can also be fabricated through sequential depositions of solutions, in a structure known as a diffuse planar heterojunction (DPHJ) OPV, as a result of the second solution swelling or diffusing into the first layer, producing a mixed or blended interface [13,14]. In the literature, DPHJ devices have achieved similar PCEs compared to BHJ devices, with values exceeding 3.5% using fullerene derivatives [12,15]. Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), is a well-studied donor polymer which outperforms P3HT-based BHJ when paired with PC61BM and PC71BM resulting in PCEs of >7% [16,17,18], with long-term stability [19]. However, to the best of our knowledge, only one application of DPHJ devices with PC71BM has been reported using PCDTBT [20]. Only a few studies have explored the combination of a solution processed layer followed by the evaporation of C60 resulting in a hybrid processed bilayer device [21,22]. Despite their good accepting abilities and their high electron mobility, fullerene derivatives only have a small absorption overlap with the solar spectrum, and their relatively small band gap limits the resulting device open-circuit voltage (Voc), which is directly related to the energy difference between the donor highest occupied molecular orbital (HOMO) and the acceptor lowest unoccupied molecular orbital (LUMO) [23,24,25]. Secondly, the synthesis of fullerene derivatives is very energy demanding because of the numerous low yielding steps and non-effective purification procedures [26,27].



Metal containing phthalocyanines (MPcs) are planar aromatic macrocycles consisting of four linked isoindoline units bound to a central metal atom. They have been used widely as dyes and pigments in industry due to their general chemical stability and low production cost [28,29,30]. MPcs are also employed in organic electronic applications as the semiconductor. Their high molar extinction coefficient (in the order of 105 M−1·cm−1) [31,32] and their relatively high charge transport properties (mobilities in the order of 10−5 up to 2.5 cm2·V−1·s−1), due to favorable molecular stacking, have facilitated their application in organic thin film transistors (OTFTs) [33,34,35,36,37], organic light emitting diode (OLEDs) [38,39,40,41], and OPVs [42,43,44,45,46]. Even if divalent MPcs such as zinc MPc (ZnPc) or copper MPc (CuPc) are well studied, the use of tetravalent MPcs such as tin MPcs (SnPc) or silicon MPcs (SiPc) remain limited [35,47].



Recently, SiPcs have attracted significant interest from our group and others for their integration into OPVs, both as an additive in BHJ devices [48,49,50,51] or as an acceptor or donor in either BHJ or PHJ devices [52,53,54]. We reported the use of bis(6-azidohexanoate)silicon phthalocyanine ((HxN3)2-SiPc) as the first dual function ternary additive for OPV, which improved the device stability through cross linking while simultaneously increasing the PCE by absorbing in the near IR region [49]. Through axial substitution such as phenoxylation, it is also possible to engineer the solid state stacking of the resulting SiPc derivatives in the thin films. Lessard et al. fabricated a series of thermally evaporated PHJ OPV devices using SiPc as both the donor materials when paired with fullerene (C60), and as acceptor materials when paired with pentacene or α-sexithiophene (α-6T). In all device configurations, as a result of favorable solid state arrangement, bis(pentafluorophenoxy) SiPc (F10-SiPc) resulted in devices with a 3-fold increase of both Voc and short circuit current (Jsc) compared to dichloro SiPc (Cl2-SiPc)-based devices [52]. Following this study, the researchers explored synthetizing different SiPcs with distinct frequencies and positions of the fluoro atoms, as this would change the material properties and arrangement and the resulting device performance. Bis(3,4,5-trifluorophenoxy) SiPc ((345F)2-SiPc) and bis(2,4,6-trifluorophenoxy) SiPc ((246F)2-SiPc) were determined to further outperform F10-SiPc, with a Voc as high as 0.87 V and a PCE as much as 1.8% [53]. These performances are quite promising for unoptimized devices that are already outperforming other PHJ devices based on well-studied phthalocyanines such as chloro aluminum MPc (Cl-AlPc) [43,46,55,56,57] or CuPc [43,58,59,60], further justifying the exploration of SiPcs as thermally evaporated NFAs.



In this study, we aim to combine the benefits of using conjugated polymers as the donor layer while incorporating SiPcs as the acceptor layer through thermal evaporation in a mixed solution/evaporation PHJ device structure. Both P3HT and PCDTBT were used as the polymer donor layer, while (246F)2-SiPc and (345F)2-SiPc were used as the evaporated acceptor layer. We also report the effect of the frontier orbital energy levels of the materials, the film thickness, and the results of the thermal treatment.




2. Materials and Methods


2.1. Materials


o-Dichlorobenzene (o-DCB, >99%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS, CleviosTM HTL Solar) was purchased from Heraeus (Hanau, Germany). PCDTBT (Lot#SX7283CH, Mw 40k) was acquired from 1-Material (Dorval, QC, Canada) and P3HT (Lot# PTL24-94, RR 93%, Mw 83K) was purchased from Rieke Metals (Lincoln, Nebraska). The fullerene (6,6)-phenyl-C61-butyric acid metyl ester (PC61BM) was purchased from Nano-C (Westwood, MA, USA). Bathocuprione (BCP, >99%) and silver (Ag) were purchased from Lumtec (New Taipei City, Taiwan) and Angstrom Engineering (Kitchener, ON, Canada), respectively. All materials were used as received unless otherwise specified. Bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F)2-SiPc) and bis(2,4,6-trifluorophenoxy) silicon phthalocyanine ((246F)2-SiPc) were synthetized and purified according to the literature [53].




2.2. Device Fabrication


Bilayer devices were made by first dissolving P3HT (15 mg/mL) or PCDTBT (8 mg/mL) in o-DCB and were stirred overnight at 50 °C. Substrates of glass coated with indium tin oxide (ITO) were cleaned by subsequent sonication of 5 min in detergent, deionized water, acetone, and methanol, followed by an air-plasma treatment for 10 min. PEDOT:PSS was spin-coated onto the ITO at 3000 rpm for 30 s, and dried in a vacuum oven for 15 min at 140 °C. The donor polymer layer was then spin-coated on top of the PEDOT:PSS layer at 2000 rpm for 60 s under a nitrogen atmosphere and allowed to dry for at least 2 h at room temperature. The silicon phthalocyanine (SiPc) acceptor layer, BCP (9 nm) and Ag (70 nm) were thermally evaporated onto the polymer layer in a custom Angstrom Engineering vacuum chamber system built into a glove box (base pressure = 1 × 10−7 Torr). A shadow mask was used for the evaporation of BCP/Ag for defining the device electrodes, providing five 0.325 cm2 devices per glass substrate. The resulting devices had the following structure: glass/ITO/PEDOT:PSS/donor layer/acceptor layer/BCP/Ag. For some sets of devices, annealing was performed in a vacuum oven. The PCDTBT layer was annealed before the evaporation of the SiPc layer at 150 °C for 10, 30, and 60 min. Other devices were also annealed during the evaporation of the SiPc layer at 150 °C using an in situ substrate heater, and after the SiPc evaporation but before the deposition of the BCP and Ag at 150 °C for 30 min.




2.3. Device Characterization


Current density vs. voltage curves were measured under nitrogen atmosphere using simulated solar light supplied by a Xenon arc lamp (Abet Technologies, Milford, CT, USA) with an Air Mass 1.5 Global filter, with a Keithley 2401 Low Voltage source meter. The solar simulator was calibrated with a silicon reference cell (Abet 15150) to 1000 W/m2. Devices were mounted on an opaque holder, which eliminated diffuse light. Thicknesses were assessed using a Brucker Dektak XT Profilometer (Billerica, MA, USA). Small samples areas were scratched using a tweezer tip and then wiped with acetone to fully remove the layers. An average of 20 measurements were taken for each sample at different locations on the substrate.





3. Results and Discussion


3.1. Determination of the Acceptor/Donor Couple


Mixed solution/evaporation planar heterojunction (PHJ) OPV devices were fabricated by spincoating either P3HT or PCDTBT onto a PEDOT:PSS layer followed by the thermal evaporation of bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F)2-SiPc) or bis(2,4,6-trifluorophenoxy) silicon phthalocyanine ((246F)2-SiPc) with the structure glass/ITO/PEDOT:PSS/P3HT or PCDTBT/(246F)2-SiPc or (345F)2-SiPc /BCP/Ag represented in Figure 1. More than 80 P3HT:PC61BM bulk heterojunction (BHJ) OPV baseline devices were also fabricated in parallel to exclude sporadic fabrication errors. All devices were characterized and the corresponding short circuit current (Jsc), open circuit voltage (Voc), and fill factor (FF) are presented in Table 1. P3HT:PC61BM BHJ OPV baseline devices performed according to literature [6] with a Jsc = 8.19 ± 0.43 mA∙cm−2, Voc = 0.56 ± 0.02 V and FF = 0.61 ± 0.04 resulting in an average power conversion efficiency (PCE) of 2.87% ± 0.21%. Our P3HT/C60 PHJ OPV baseline devices also performed according to literature [21] with a Jsc = 2.58 ± 0.05 mA∙cm−2, Voc = 0.22 ± 0.01 V, FF = 0.48 ± 0.02, and PCE = 0.28 ± 0.02%. It should be noted that our devices have an area of 0.325 cm2, which is larger than other commonly reported devices in literature.



Initially we paired (345F)2-SiPc with P3HT in our PHJ OPV devices. The P3HT thickness was kept constant while the (345F)2-SiPc thickness was varied between 10 and 60 nm. Figure 2a demonstrates the JV curves for the resulting bilayer devices while Figure 2b plots the average Jsc and Voc evolution as a function of (345F)2-SiPc thickness. As the thickness increases from 10 to 60 nm, both the Jsc and Voc values increase, reaching a maximum value of 1.09 ± 0.06 mA∙cm−2 and 0.34 ± 0.03 V, respectively (Table 1). The increase in Jsc with increasing thickness of SiPc is likely caused by the increase in light absorption and exciton generation. The increase in Voc with the increase in SiPc thickness might be due to the enhancement of polaron-pair bounding energy (EB), which indicates that a higher polaron-pair dissociation energy barrier has to be overcome, and that a higher applied voltage is required to fully dissociate the accumulated excitons near the polymer/SiPc interface. [61,62,63] As a result, higher Voc is essential. Compared to the P3HT/C60 baseline devices, when using (345F)2-SiPc, a greater Voc was obtained, however the Jsc appears to be substantially reduced which led to the limited performances of the devices. These results illustrate that tuning the thickness of (345F)2-SiPc is a straight-forward way to optimize the PHJ OPV device performance.



In attempts to increase the Voc, (345F)2-SiPc was substituted with (246F)2-SiPc which has been characterized to have a shallower (≈0.5 eV) LUMO energy level [53]. This increase in LUMO level will lead to a bigger energy difference with the P3HT HOMO, which is known to raise the resulting Voc [25]. Figure 2c demonstrates the performance for P3HT/(246F)2-SiPc in terms of averaged Jsc and Voc evolution according to the SiPc thickness. An improvement of 0.2 V for Voc is observed for 40 nm (246F)2-SiPc compared to devices with the same (345F)2-SiPc thickness with a maximum Voc of 0.49 ± 0.02 V (Table 1, Figure 2a). When comparing the corresponding bilayer devices, P3HT/(246F)2-SiPc has a greater Voc than P3HT/C60 baseline devices. In addition, when comparing the BHJ equivalent, P3HT: bis(tri-n-butylsilyl oxide) silicon phthalocyanine ((3BS)2-SiPc) has a greater Voc than P3HT:PC61BM [45]. Therefore, the fact that the baseline P3HT:PC61BM BHJ OPV has a greater Voc than bilayer P3HT/(246F)2-SiPc shows that it must be a function of device structure and not a function of the HOMO/LUMO levels of the SiPc materials. However, it is clear that the use of (246F)2-SiPc also results in a significant drop in Jsc compared to the use of (345)2-SiPc, which was 0.6 ± 0.06 mA∙cm−2, as shown in Figure 2c,d. As the thickness of (246F)2-SiPc is increased to 60 nm we observe a drop in Jsc which is likely due to the greater series resistance related to the relatively low electron mobility of SiPcs [37].



In an attempt to increase the energy difference between the donor HOMO and the SiPc acceptor LUMO, P3HT was replaced with PCDTBT, leading to a decrease in the donor HOMO from −5.0 eV for P3HT to −5.5 eV for PCDTBT [18]. For this first set of experiments, the (345F)2-SiPc thickness was kept constant at 60 nm, while the PCDTBT thickness was varied by changing the spin coating rate. Figure 2e,f demonstrates the performance for PCDTBT/(345F)2-SiPc PHJ OPV devices in terms of averaged Jsc and Voc as a function of the PCDTBT spin coating rate, and their corresponding JV curves. These experiments show very little variations in results between 1000 and 3000 rpm. However, compared to P3HT/(345F)2-SiPc, these devices demonstrated an improvement of 132% and 186% in both the Voc and Jsc, respectively. The optimum devices were characterized by a Jsc = 3.15 ± 0.04 mA∙cm−2 and a Voc of 0.79 ± 0.06 V, outperforming the PCDTBT/C60 baseline in Table 1. PHJ OPV devices were fabricated using (246F)2-SiPc on the PCDTBT and as expected a very poor device performance was obtained (Table 1). This drop in performance is a result of the mismatch of HOMO/LUMO levels of PCDTBT and (246F)2-SiPc.




3.2. (345F)2-SiPc Thickness Improvement


The effect of the (345F)2-SiPc thickness on the PCDTBT-based PHJ OPV device performances was assessed. The (345F)2-SiPc thickness was varied between 20 and 120 nm and its effect on the corresponding device performance was plotted for the Voc (Figure 3a), Jsc (Figure 3b), FF (Figure 3c), and PCE (Figure 3d). We found that consistent and optimal PHJ OPV device performances were obtained with (345F)2-SiPc films of thickness 60–105 nm. For thicknesses <60 nm and >105 nm, performances dropped significantly (Figure 3). The best results were obtained for a (345F)2-SiPc thickness of roughly 90 nm characterized by a Voc of 0.87 ± 0.03 V, a Jsc of 3.32 ± 0.04 mA∙cm−2, a FF of 0.37 ± 0.01, and a PCE of 1.05% ± 0.04%. Compared to PCDTBT/C60 baselines, the use of SiPc resulted in superior Voc but lower Jsc and FF values, which led to a reduced PCE. Therefore, a series of thermal treatments were explored to attempt to enhance the device performance.




3.3. Thermal Treatment


3.1.1. Annealing before the Evaporation of (345F)2-SiPc


Reports have shown that the ordering of the PCDTBT layer by thermal annealing or through the addition of an ordering agent can help prevent degradation during the deposition of the subsequent layer [20]. Therefore, after PCDTBT was spin coated, it was placed in an oven at 150 °C for 10, 30, and 60 min. The polymer film was removed from the oven and the (345F)2-SiPc layer was evaporated on all the films. Figure S1a shows the evolution of the device JV curves with increasing anneal time. The greatest Voc = 0.74 ± 0.08 V and Jsc = 3.34 ± 0.08 mA∙cm−2 were obtained for devices that underwent no annealing. The longer the annealing, the worse the devices became. Secondly, we explored the use of an ordering agent, such as 1,8-diiodooctane (DIO) as reported in Reference [20], in the PCDTBT layer. Figure S2a shows the impact on the JV curves with the addition of different DIO concentrations in the PCDTBT layer followed by the subsequent evaporation of a 113 nm thick (345F)2-SiPc. The baseline containing no DIO displays a poor JV curve with a low FF, Voc, and Jsc equal to 0.29, 0.43 V, and 2.6 mA∙cm−2, respectively. The addition of 1 vol % of DIO in the o-DCB led to a great improvement in the Voc to around 0.7 V while the Jsc remained similar, and the addition of 3 vol % DIO helped increase the Voc a bit more to above 0.8 V whilst also improving the FF to 0.37. Figure S2b shows the impact on the JV curves of an addition of 3 vol % DIO in the PCDTBT layer, also followed by a thermal annealing at 100 °C for 15 min, followed by the deposition of 104 nm of (345F)2-SiPc. The addition of DIO alone led to a drastic decrease in both Voc and Jsc of roughly 0.2 V and 0.5 mA∙cm−2, respectively. The annealing step after the PCDTBT spin coating appeared to counteract the DIO effect, but the values still show an underperformance as compared to the baseline devices. Figure S2c shows the previous result for a (345F)2-SiPc thickness of 65 nm. Again, the addition of DIO still has a negative impact, decreasing the resulting Voc. Performing the annealing step again raises the Voc value and improves the FF, but by no more than would be the case after omitting the DIO altogether. Overall, these results indicate that thermal treatment and the use of DIO did not offer any advantage.




3.1.2. Annealing after the (345F)2-SiPc Evaporation


We explored the annealing of the PCDTBT/(345F)2-SiPc bilayer (in a vacuum oven at 150 °C for 30 min) prior to the deposition of the BCP/Ag layers. Results for these devices are shown in Table 1 and Figure 4. The application of the annealing step (post (345F)2-SiPc deposition) led to a significant gain in performances for PCDTBT/(345F)2-SiPc (93nm) devices due to the improvement in Jsc to 3.44 ± 0.18 mA∙cm−2 and the significant increase of the FF to 0.51 ± 0.02. The final PCE of the PCDTBT/(345F)2-SiPc resulted in a superior PCE increase from 0.97% ± 0.06% to 1.52% ± 0.06%, slightly surpassing the PCDTBT/C60 PHJ OPV devices that showed a PCE of 1.48% ± 0.06%. These results suggest that straightforward annealing can improve SiPc-based PHJ OPV devices.




3.1.3. Annealing during the (345F)2-SiPc Evaporation


It is well known that an increased surface area between the acceptor and the donor will result in improved exciton dissociation which can lead to a raised PCE [64]. Therefore, a fuzzy or blended interface could result in better device performance. For this set of devices during the fabrication of the PCDTBT/(345F)2-SiPc interface, we heated the substrates to 150 °C under vacuum during the SiPc evaporation. The hypothesis was that a higher surface energy (or softening of the PCDTBT) during the deposition would facilitate the penetration of the SiPc molecule deeper into the PCDTBT layer resulting in a fuzzy interface. As the PHJ annealing after the SiPc deposition seemed beneficial, it was also performed on devices before the deposition of the last BCP/Ag layers in a vacuum oven at 150 °C for 0, 5, 15, and 30 min.



Figure 5 shows the evolution of the average Voc (Figure 5a), Jsc (Figure 5b), FF (Figure 5c), and PCE (Figure 5d) as a function of the variation of post annealing time after the heated SiPc deposition. For devices that were only heated during the evaporation (time = 0 min), the performances were well below what was achieved previously with Voc < 0.1 V, the Jsc ≈ 1.5 mA∙cm−2, the FF ≈ 0.26, and the PCE ≈ 0.03%. The addition of the PHJ annealing step after the evaporation helped increase these parameters, the best device being achieved after 15 min annealing with a Voc, Jsc, FF, and PCE of 0.47 ± 0.09 V, 2.6 ± 0.23 mA∙cm−2, 0.34% ± 0.02%, and 0.43% ± 0.12%, respectively. These results suggest that heating during the deposition of the (345F)2-SiPc is not an effective route towards improved device performance.






4. Conclusions


A series of PHJ OPV mixed solution/evaporation devices were fabricated using (246F)2-SiPc or (345F)2-SiPc as the acceptor material, which were evaporated on either P3HT or PCDTBT as the solution processed donor layer. The devices were optimized through the substitution of materials and through controlling the acceptor thickness. We found that the spin rate of the PCDTBT had little effect on the device performance while the thickness of SiPc played a critical role. The optimal SiPc thickness was found to be roughly 90 nm. In attempts to improve these devices, a series of thermal treatments were applied to the most promising PCDTBT/(345F)2-SiPc devices. Annealing of the PCDTBT layer alone, prior to (345F)2-SiPc deposition with and without the addition of a small volume percentage of DIO, resulted in no significant improvement. However, annealing of the PHJ after (345F)2-SiPc deposition, but before the BCP and Ag evaporation, led to increased FF = 0.51 ± 0.02 outperforming the PCDTBT/C60 baseline PHJ devices with a PCE of 1.52 ± 0.06%. These devices also surpassed previously reported all-evaporated PHJ devices based on (246F)2-SiPc and (345F)2-SiPc as NFAs when using α-sexithiophene as the donor layer [53]. Therefore, this study further justifies the continued investigation into using SiPcs as acceptor candidates in fullerene free devices.
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Figure 1. Chemical structure of poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), poly(3-hexylthiophene) (P3HT), fullerene (C60), bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F)2-SiPc) and bis(2,4,6-trifluorophenoxy) silicon phthalocyanine ((246F)2-SiPc), and the mixed solution/evaporation planar heterojunction (PHJ) organic photovoltaic (OPV) device structure. 
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Figure 2. Characteristic (a,c,e) current vs. voltage and averaged open-circuit voltage (Voc), and short circuit current (Jsc) as a function of (b,d) acceptor thickness or (f) spin speed of PCDTBT layer. (a,b) (345F)2-SiPc on P3HT; (c,d) (246F)2-SiPc on P3HT; (e,f) 60 nm (345F)2-SiPc on different films of PCDTBT. Values for the figure inset band diagrams were taken from the literature [18,48,53]. 
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Figure 3. Average (a) open-circuit voltage (Voc), (b) short circuit current (Jsc), (c) fill factor (FF), (d) power conversion efficiency (PCE) as a function of (345F)2-SiPc thickness on a film of PCDTBT. 
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Figure 4. Characteristic current vs. voltage (JV) for PHJ OPV devices where the active layer is P3HT/C60, PCDTBT/C60, PCDTBT/(345F)2-SiPc (93 nm), and PCDTBT/(345F)2-SiPc (93 nm) annealed at 150 °C for 30 min devices. 
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Figure 5. (a) Open-circuit voltage (Voc), (b) short circuit current (Jsc), (c) fill factor (FF), (d) power conversion efficiency (PCE) vs. annealing time at 150 °C. All devices underwent substrate heating at 150 °C during the evaporation of (345F)2-SiPc on PCDTBT/(345F)2-SiPc (85 nm). 
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Table 1. Characterization of fullerene-based devices, both the bulk (BHJ) and planar heterojunction (PHJ), and the silicon phthalocyanine-based mixed solution/evaporation PHJ OPV device.
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	Sample a
	# of Devices
	Jsc (mA∙cm−2)
	Voc (V)
	FF
	ηeff (%)





	P3HT:PC61BM a
	84
	8.2 ± 0.4
	0.56 ± 0.02
	0.61 ± 0.04
	2.87 ± 0.21



	P3HT/C60 (40 nm)
	8
	2.58 ± 0.05
	0.22 ± 0.01
	0.48 ± 0.02
	0.28 ± 0.02



	PCDTBT/C60 (40 nm)
	9
	4.7 ± 0.1
	0.56 ± 0.01
	0.57 ± 0.02
	1.48 ± 0.06



	P3HT/(345F)2-SiPc (60 nm)
	9
	1.09 ± 0.06
	0.34 ± 0.03
	0.48 ± 0.07
	0.19 ± 0.04



	P3HT/(246F)2-SiPc (40 nm)
	6
	0.62 ± 0.06
	0.49 ± 0.02
	0.47 ± 0.04
	0.14 ± 0.09



	PCDTBT/(246F)2-SiPc (20 nm)
	5
	0.47 ± 0.03
	0.07 ± 0.02
	0.25 ± 0.01
	0.01 ± 0.004



	PCDTBT/(345F)2-SiPc (93 nm)
	9
	3.3 ± 0.1
	0.87 ± 0.03
	0.33 ± 0.01
	0.97 ± 0.06



	PCDTBT/(345F)2-SiPc (93 nm) b
	7
	3.4 ± 0.2
	0.88 ± 0.02
	0.51 ± 0.02
	1.52 ± 0.06







a P3HT/PC61BM (1.0:0.8) were bulk heterojunction baseline devices fabricated at the same time as the others to confirm the deposition of electrodes and other layers was performed properly. b This sample was annealed at 150 °C for 30 min after deposition of (345F)2-SiPc but before deposition of BCP/Ag. No treatments were applied to all other sets of bilayer devices.
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