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Abstract

:

Herein, two diketopyrrolopyrrole (DPP)-based, small-molecule isomers, o- and p-DPP-PhCN, were introduced as acceptors in ternary organic solar cells (OSCs). The isomers have the same molecular backbone but differ in the positions of the cyanide (CN) substituents (ortho and para), which greatly affects their packing behavior. Ternary solar cells composed of poly(3-hexylthiophene) (P3HT):DPP-PhCN:phenyl-C61-butyric acid methyl ester (PCBM) were fabricated, and the effects of the different packing behaviors of the third component on the device performance and the working mechanism of the ternary cells were investigated. The addition of o-DPP-PhCN with a relatively high-lying lowest unoccupied molecular orbital energy level resulted in an increase in the open-circuit voltage (VOC) in the ternary devices, demonstrating the alloy-like structure of the two acceptors (o-DPP-PhCN and PCBM) in the ternary system. However, the p-DPP-PhCN-based ternary cells exhibited VOC values similar to that of a P3HT:PCBM binary cell, irrespective of the addition of p-DPP-PhCN, indicating a cascade energy-level structure in the ternary system and an effective charge transfer from the P3HT to the PCBM. Importantly, by increasing the addition of p-DPP-PhCN, the short-circuit current density increased substantially, resulting in pronounced shoulder peaks in the external quantum efficiency responses in the long-wavelength region, corresponding to the contribution of the photocurrent generated by the light absorption of p-DPP-PhCN. Despite sharing the same molecular backbone, the two DPP-PhCNs exhibited substantially different packing behaviors according to the position of their CN substituents, which also greatly affected the working mechanism of the ternary devices fabricated using the DPP-PhCNs as the third component.
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1. Introduction


Organic electronics offer numerous advantages over their inorganic counterparts, including a lower cost, greater flexibility, lighter weight, lower toxicity, and a greater functionality. Among organic electronic devices, organic solar cells (OSCs) are considered to be next-generation energy sources with the aforementioned advantages. Power conversion efficiencies (PCEs) greater than 16% have recently been reported as a result of the development of materials (e.g., fused-ring-based, small-molecule acceptors) and the optimization of device fabrication methods [1,2,3]. In 2020, more than 18% efficiency was reported by using a donor–acceptor (D-A) copolymer donor (D18) and a low bandgap acceptor (Y6) [4]. The active layers of OSCs have generally been composed of a polymer donor (D) and a small-molecule (or polymer) acceptor (A). To overcome the organic semiconductors’ disadvantage of a limited light absorption range (they absorb only a part of the solar spectrum), researchers have widely used ternary or tandem devices to increase light absorption, thereby improving solar cell performance [5,6,7]. Ternary devices are more widely used than tandem cells because ternary devices are easier to manufacture. A photoactive organic semiconductor that exhibits complementary absorption is additionally introduced into a binary active layer, resulting in a ternary device (i.e., a D:D:A or D:A:A device). The important issues to be considered in the fabrication of ternary devices are (1) the selection of the third material to be introduced into a given binary D:A system and (2) systematical control of the blend ratios. The selection of a third material with complementary light absorption is important, and the optimum blend ratio to prevent additional phase separation needs to be determined [8,9,10,11,12]. Recently, different working mechanisms and models of ternary systems have been proposed to explain the improved device characteristics: the cascade energy-level structure and the alloy-like structure. The alloy-like donors or acceptors, which are formed when two components are well mixed, result in tuned open-circuit voltage (VOC) values that vary according to the blend ratios [13,14,15,16] and often offer a robust and stable morphology [17,18]. By contrast, the cascade energy-level alignment can provide a cascade driving force for electron (or hole) transfer, which enhances charge transfer and the short-circuit current density (JSC) [19,20].



In our previous work, we reported three diketopyrrolopyrrole (DPP)-based small-molecule isomers for use as acceptors for poly(3-hexylthiophene) (P3HT)-based OSCs [21]. They were designed to have the same molecular backbone but differ in the position of the cyanide substituents (ortho, meta, or para), which greatly affects the molecules’ packing behavior. In particular, the para-substituted molecule, p-DPP-PhCN, exhibited strong molecular aggregation, as confirmed by UV-vis absorption measurements, and we have reported how this different packing behavior affects the device performance of P3HT-based binary solar cells. Herein, we applied the p- and o-DPP-PhCN isomers in a ternary system to determine whether the different packing behaviors of the third component affect the device performance and the working mechanism of the ternary cells.




2. Materials and Methods


2.1. Physical Measurements


The UV-vis spectra were obtained using a Shimadzu UV/vis spectrometer. The DPP-PhCN and P3HT films used in the UV-vis measurements were prepared by spin coating from a chloroform (CF) solution or by drop-casing from an o-dichlorobenzene (o-DCB) solution. The electrochemical properties were studied by cyclic voltammetry (CV) with a BAS 100B electrochemical analyzer. A non-aqueous reference electrode (0.1 M Ag/Ag+ acetonitrile solution), a platinum working electrode, and a platinum wire as a counter electrode were used as a three-electrode system. The redox potential of the materials was measured in acetonitrile with 0.1 M (n-C4H9)4N-PF6 at a scan rate of 100 mV s−1. The films were prepared by dip coating the solution onto the platinum working electrode, and the measurements were calibrated using the ferrocenium/ferrocene (Fc) redox value of −4.8 eV as an external reference. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels were estimated according to the empirical relationship EHOMO = −(Eonset,ox − E1/2,Fc + 4.8) eV and ELUMO = −(Eonset,red − E1/2,Fc + 4.8) eV, where Eonset,ox and Eonset,red are the onset potentials of oxidation and reduction, respectively, assuming that the energy level of Fc is 4.8 eV below the vacuum level [22,23,24].




2.2. Fabrication of OSC Devices


In the present work, the devices with the configuration ITO/PEDOT:PSS/active layer/LiF/Al were fabricated (where ITO is indium tin oxide and PEDOT:PSS is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (Clevios P VP AI 4083)). The ITO glass was cleaned with a sequential ultrasonic treatment in detergent, deionized water, acetone, and isopropyl alcohol for 15 min each and subsequently dried in an oven for 5 h. The ITO-coated glass substrates were pre-treated in a UV-ozone oven for 15 min. A layer of PEDOT:PSS (~30 nm) was spin-coated on top of the ITO-coated glass substrates at 4000 rpm and annealed at 100 °C for 10 min to remove residuary water in the PEDOT:PSS layer. The active layers were spin-cast at 3000 rpm from a D/A/A solution in CF and o-DCB with a total solids concentration of 15 and 40 mg mL−1, respectively, followed by thermal annealing at 120 and 150 °C, respectively. The average thickness of the active layers using CF (~100 nm) and o-DCB (~200 nm) were measured with an Alpha-Step IQ surface profiler. A LiF (~0.5 nm) and Al (~100 nm) layer were deposited via thermal evaporation on the active layer under a vacuum of ~10−6 Torr. The effective area of all devices was measured to be 9 mm2. The current density vs. voltage (J-V) curves of the devices were measured using a computer-controlled Keithley 236 source measure unit. The characterization of un-encapsulated solar cells was carried out in air under AM 1.5G illumination (100 mW cm−2) using a xenon lamp-based solar simulator. The simulator irradiance was characterized using a calibrated spectrometer, and the illumination intensity was set using an NREL-certified silicon diode with an integrated KG1 optical filter. The external quantum efficiency (EQE) was measured using a reflective microscope objective to focus the light output from a 100 W halogen lamp outfitted with a monochromator and optical chopper (PV Measurements, Inc., Point Roberts, WA, USA). The photocurrent was measured using a lock-in amplifier, and the absolute photon flux was determined using a calibrated silicon photodiode.





3. Results and Discussion


3.1. Materials and Physical Properties


Two DPP-based small molecules, o- and p-DPP-PhCNs, were selected as the third component to be incorporated into the P3HT:phenyl-C61-butyric acid methyl ester (PCBM) system, resulting in P3HT:DPP-PhCN:PCBM ternary films. In our previous report, two DPP-PhCNs were synthesized using Pd-catalyzed Suzuki coupling reactions [21], in which the two small molecules had the same molecular backbone but differed in the position of the cyanide groups at the phenyl ends. The chemical structures of all the materials used in the active layer of the OSCs are shown in Figure 1.



Figure 2a shows the normalized UV-vis absorption spectra of films of the two DPP-PhCNs and P3HT prepared from CF solutions. Although the two DPP-PhCNs had the same molecular backbone, their packing behaviors in the film state appeared to differ according to the position of the CN groups. The para-substitution resulted in more red-shifted absorption and in stronger molecular aggregation compared with the ortho-substitution. In the spectrum of the p-DPP-PhCN film, the absorption maximum (λmax) of the low-energy band, which is assigned as the 0-0 transition, appeared at 670 nm, indicating a more effective π–π stacking between molecular backbones [25,26,27,28]. The optical bandgaps (Egs) were obtained from the absorption onset (λonset) on the long-wavelength side (Eg = 1240/λonset). The p-DPP-PhCN exhibited a lower Eg (1.75 eV) compared with that of the o-DPP-PhCN (1.80 eV), consistent with the relatively stronger molecular packing of the p-DPP-PhCN molecules. The energy diagrams of the materials used in OSC fabrication are shown in Figure 2c. The HOMO level of the donor (P3HT) and the LUMO levels of the acceptors (DPP-PhCNs and PCBM) were measured by CV, and the LUMO of the donor and HOMO of the acceptors were calculated from the Eg values. The HOMO energy levels of the two DPP-PhCNs were found to be similar; however, for the LUMO energy levels, the para-substitution resulted in an energy level slightly lower than that of the ortho-substitution. The incorporation of DPP-PhCNs resulted in a cascade energy-level alignment from P3HT, via DPP-PhCN, to PCBM in the P3HT:DPP-PhCN:PCBM ternary system.




3.2. Device Performances


First, the two P3HT:DPP-PhCN devices were fabricated to evaluate the device performance of the binary devices with the configuration ITO/PEDOT:PSS/active layer/LiF/Al. Table 1 summarizes the photovoltaic performance of the binary cells measured in air under AM 1.5G illumination (100 mW cm−2). The D:A blend ratio was adjusted to 1:1, as optimized in our previous report [21], and the same D:A ratio (1:1) was also used in the fabrication of the ternary cells used in the present work. CF and o-DCB were used as processing solvents. Both binary devices that were prepared using CF exhibited similar PCEs of ~0.46%. Compared with the VOC of P3HT:p-DPP-PhCN (0.56 V), that of the P3HT:o-DPP-PhCN was greater (0.94 V), which can be explained by the relatively high-lying LUMO energy level of o-DPP-PhCN (−3.48 eV, Figure 2c) than that of p-DPP-PhCN (−3.55 eV). The VOC of the P3HT:p-DPP-PhCN film appeared to be even lower than expected from the LUMO level of p-DPP-PhCN. The strong molecular aggregation of p-DPP-PhCN, as confirmed from UV-vis measurements, might better stabilize its LUMO level.



The P3HT:p-DPP-PhCN film prepared from o-DCB solution showed no photovoltaic characteristics because a uniform film morphology could not be obtained as a consequence of the poor solubility of p-DPP-PhCN in o-DCB. By contrast, the PCE of the P3HT:o-DPP-PhCN increased to 0.87% (Table 1) when high-boiling-point o-DCB was used as a processing solvent. The increase in efficiency mainly arose from the increase in the JSC from 1.18 (CF) to 2.15 mA cm−2 (o-DCB). As depicted in Figure 2b, the absorption spectrum of the o-DPP-PhCN film prepared from o-DCB was much more red-shifted and broadened than that of the o-DPP-PhCN film prepared from CF, reflecting the increased molecular aggregation in the film prepared from o-DCB. This phenomenon is consistent with the increased JSC value of the device prepared from o-DCB. The slight decrease in the VOC of the device with the P3HT:o-DPP-PhCN film prepared from o-DCB originated from the enhanced molecular packing behavior of o-DPP-PhCN, which might result in a slight stabilization of its LUMO energy level.



Figure 3 shows the EQE responses of the binary solar cells (P3HT:DPP-PhCN), together with the UV-vis spectra of the neat films of each donor and acceptor used in the devices. In Figure 3a, the EQE response of the P3HT:o-DPP-PhCN device increased when the film prepared from o-DCB was used, matching its higher JSC value. The EQE profiles matched the UV-vis absorption profiles well. When compared with the device with an o-DPP-PhCN film prepared from CF, the device with an o-DPP-PhCN film prepared from o-DCB showed an additional EQE peak in the longer-wavelength region at 690 nm, corresponding to the red-shifted λmax peak of the o-DCB-processed o-DPP-PhCN film at 670 nm. In Figure 3b, the EQE maximum peak of the P3HT:p-DPP-PhCN device also corresponded to the λmax peak of the p-DPP-PhCN film (670 nm).



The two DPP-PhCNs were then introduced into the active layer of P3HT:PCBM devices to fabricate ternary device cells. On the basis of the results of the binary devices, the ternary devices based on o-DPP-PhCN and p-DPP-PhCN were prepared from o-DCB and CF, respectively, and various blend ratios were investigated to optimize the performance of the devices. As control devices, P3HT:PCBM binary devices were also fabricated using both o-DCB and CF as processing solvents; these devices exhibited PCEs of 2.98% and 2.07%, respectively. The D:A blend ratio was adjusted to 1:1. The ternary P3HT:DPP-PhCN:PCBM film consisted of one donor (P3HT) and two acceptors (DPP-PhCN and PCBM), resulting in a D:A:A active layer. The total D:A ratio was maintained at 1:1. The ratio of the DPP-PhCN acceptor in the two-acceptor films was therefore varied; however, the total acceptor amount (i.e., DPP-PhCN + PCBM) was adjusted to be equal to the amount of the P3HT donor. The photovoltaic characteristics of the devices are summarized in Table 2 and Table 3.



Figure 4 shows the J-V and EQE curves of the ternary devices based on P3HT:DPP-PhCN:PCBM in various blend ratios. In the ternary devices based on o-DPP-PhCN, as the ratio of o-DPP-PhCN increased, the device efficiency gradually decreased, mainly because of the decrease in the JSC values (Figure 4a and Table 2). As the amount of o-DPP-PhCN increased, the EQE edge at the long-wavelength region, which included the contribution of light absorption by o-DPP-PhCN, was slightly red-shifted and broadened; however, the contribution of the light absorption of P3HT (~500 nm) to the EQE simultaneously decreased more significantly (Figure 4b). Consequently, the JSC and PCE values gradually decreased with the increasing o-DPP-PhCN content. Notably, however, as the ratio of o-DPP-PhCN increased, the VOC tended to gradually increase, as will be discussed later. By contrast, in the ternary device based on p-DPP-PhCN, the JSC increased with the increasing ratio of p-DPP-PhCN (Figure 4c and Table 3). The best PCE of 2.48% was obtained at the blend ratio of 4:1:3 (P3HT:p-DPP-PhCN:PCBM). The increase in the JSC can be explained by the pronounced shoulder peaks (670 nm) of the EQE curves (Figure 4d), which match the maximum EQE peak of the binary P3HT:p-DPP-PhCN device. Similar to the trend observed in ternary cells based on o-DPP-PhCN (Figure 4b), the EQE responses at ~500 nm gradually decreased with the increasing p-DPP-PhCN ratio; however, the increase in the EQE shoulder in the longer-wavelength region was more significant, resulting in a higher JSC (Figure 4d).



The dependency of various photovoltaic parameters—JSC, VOC, fill factor (FF), and PCE—on the weight ratios of the DPP-PhCNs in the ternary cells are plotted in Figure 5. Among the o-DPP-PhCN-based cells (Figure 5a), the P3HT:o-DPP-PhCN binary cell exhibited a higher VOC (0.83 V) than the P3HT:PCBM cell (0.60 V). All ternary devices that were prepared using both acceptors (p-DPP-PhCN and PCBM) exhibited VOC values intermediate between the values corresponding to the two binary cells. With the increasing o-DPP-PhCN ratio, the VOC values gradually increased. In the case of the p-DPP-PhCN-based cells, the binary P3HT:p-DPP-PhCN cell exhibited a lower VOC (0.56 V) than that of the P3HT:PCBM cell (0.64 V). However, the VOC values of the resulting ternary cells were not decreased by the addition of p-DPP-PhCN into P3HT:PCBM. The VOC values of the ternary cells were approximately the same as that of P3HT:PCBM cell (slightly greater but within the error range). The difference in the trend of the VOC variation according to the blend ratios indicates that the working mechanism of these two ternary systems differs. A VOC that can be tuned by varying the ratio of the donors (or acceptors) has been previously observed in ternary solar cells with the alloy-like structure, where the two donors (or two acceptors) are mixed and form alloy-like domains, resulting in HOMOs (or LUMOs) that change in proportion to the blend ratios [20]. In our o-DPP-PhCN-based ternary cells, as the ratio of o-DPP-PhCN was increased from 0.0 to 1.0, the VOC values proportionally increased from 0.60 to 0.83 V. The addition of o-DPP-PhCN with a relatively high-lying LUMO level positively affected the VOC of the ternary cells. However, the VOC of the p-DPP-PhCN-based ternary devices did not substantially vary upon the addition of p-DPP-PhCN, whereas the JSC values gradually increased. In this case, we can propose that a cascade energy-level alignment might exist among the three materials rather than the alloy-like structure [19]. The cascade energy-level alignment is known to be beneficial for a charge transfer. In addition, because the VOC values of the ternary cells are similar to those of P3HT:PCBM, the charge transfer from P3HT to PCBM might occur more effectively than the transfer from P3HT to p-DPP-PhCN. Notably, the EQE curves of the ternary P3HT:p-DPP-PhCN:PCBM cells show substantial shoulder peaks at 670 nm, corresponding to the absorption of p-DPP-PhCN. In this cascade structure, a photoinduced hole transfer (“channel II” charge generation) by the light absorption of the acceptor (here, p-DPP-PhCN) contributes to the photocurrent generation of the devices, along with electron transfer induced by the absorption of the P3HT donor. These effects result in broad EQE responses and high JSC values in the ternary cells. Improvements in device efficiencies by the cascade energy-level structure have been reported to occur as a result of more charge transport channels and complementary absorption [9,10]. The alloy-like structure observed for the combination of the two acceptors o-DPP-PhCN and PCBM is not formed between p-DPP-PhCN and PCBM because of the strong tendency of p-DPP-PhCN molecules to aggregate with each other. When the two acceptors were introduced as the third component of the ternary device, even though they had similar molecular structures, the working mechanism in the devices was found to differ substantially, where the molecular aggregation behavior played an important role. Further structural characterization of the small molecules, such as solid-state NMR spectroscopy and grazing incidence wide angle scattering [29,30,31,32], could potentially be achieved to investigate the impact of the molecular structure and the topology and morphology of the films on the photovoltaic performance of binary solar cells.





4. Conclusions


Herein, two DPP-based electron acceptors were introduced into the P3HT:PCBM system, resulting in ternary solar cells with the configuration ITO/PEDOT:PSS/P3HT:DPP-PhCN:PCBM/LiF/Al, and the device performance and the working mechanism were investigated according to the materials used and the blending ratios. Despite the similar molecular backbone of the two DPP-PhCNs, they exhibited very different packing behaviors according to the position of their CN substituents, which also greatly affected the working mechanism of the ternary devices in which the DPP-PhCNs were used as the third component. The working mechanisms for the o- and p-DPP-PhCN-based ternary cells were proposed to be the alloy-like structure and the cascade energy-level structure, respectively. In this study, the relationship between the crystallinity of the third component and the device characteristics was established to provide a detailed insight into the design and optimization of the third component to be introduced into a given binary system.
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Figure 1. The chemical structures of the o- and p-diketopyrrolopyrrole (DPP)-PhCNs together with poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM). 
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Figure 2. (a) Normalized UV absorption spectra of (a) the o-DPP-PhCN (o), p-DPP-PhCN (p), and P3HT films prepared from a chloroform (CF) solution and (b) the o-DPP-PhCN (o) and P3HT films prepared from CF and o- dichlorobenzene (DCB); (c) energy diagram of the materials used in organic solar cell (OSC) fabrication. 
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Figure 3. External quantum efficiency (EQE) responses of the binary solar cells fabricated with (a) P3HT:o-DPP-PhCN (o) and (b) P3HT:p-DPP-PhCN (p) films; the UV-vis spectra of the neat films of each donor and acceptor used in the devices are included for comparison. 
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Figure 4. (a,c) Density vs. voltage (J-V) and (b,d) EQE curves of the ternary devices fabricated with various blend ratios of P3HT:o-DPP-PhCN:PCBM and P3HT:p-DPP-PhCN:PCBM. 
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Figure 5. Dependence of the photovoltaic performance of ternary cells on the (a) o-DPP-PhCN and (b) p-DPP-PhCN blend ratios. 
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Table 1. Photovoltaic performances of the P3HT:DPP-PhCN binary cells.
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	Active Layer
	Solvent
	VOC [V]
	JSC [mA cm−2]
	FF [%]
	PCE [%]





	P3HT:o-DPP-PhCN
	CF 1
	1.09
	1.19
	35
	0.46



	
	o-DCB
	0.83
	2.15
	49
	0.87



	P3HT:p-DPP-PhCN
	CF 1
	0.56
	1.64
	50
	0.47







1 Data taken from reference [21].
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Table 2. Photovoltaic performances of the P3HT:o-DPP-PhCN:PCBM devices fabricated with films prepared using o-DCB as a solvent with various blend ratios.
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	Active Layer (D:A:A)
	VOC [V]
	JSC [mA cm−2]
	FF [%]
	PCE [%]





	4.0:0.0:4.0
	0.60
	8.03
	62
	2.98



	4.0:0.4:3.6
	0.61
	7.94
	61
	2.95



	4.0:0.8:3.2
	0.63
	7.70
	59
	2.86



	4.0:1.2:2.8
	0.64
	7.20
	59
	2.72



	4.0:1.6:2.4
	0.65
	7.42
	55
	2.67



	4.0:2.0:2.0
	0.67
	6.31
	45
	1.92



	4.0:4.0:0.0
	0.83
	2.15
	49
	0.87
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Table 3. Photovoltaic performances the P3HT:p-DPP-PhCN:PCBM devices fabricated with films prepared using CF as a solvent with various blend ratios.
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	Active Layer (D:A:A)
	VOC [V]
	JSC [mA cm−2]
	FF [%]
	PCE [%]





	4.0:0.0:4.0
	0.64
	7.03
	46
	2.07



	4.0:0.5:3.5
	0.65
	7.22
	47
	2.21



	4.0:1.0:3.0
	0.66
	7.30
	51
	2.48



	4.0:1.5:2.5
	0.66
	7.52
	47
	2.35



	4.0:2.0:2.0
	0.67
	7.55
	48
	2.42



	4.0:4.0:0.0
	0.56
	1.64
	50
	0.47
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