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Abstract 

Increasing photon harvest is an essential issue in improving the efficiency of organic photovoltaics. 

Here, we study ternary blend polymer solar cells that are composed of a thiazolothiazole-based 

crystalline semiconducting polymer and a fullerene derivative as the host binary system and a very 

small content of a series of narrow-bandgap non-fullerene acceptors as the third-component sensitizer 

that is selectively located at the interface between the host donor and acceptor. Surprisingly, the cells 

give an external quantum efficiency in the sensitizer absorption range that is as high as that in the 

polymer absorption range despite the fact that the optimal sensitizer content is only 6 wt%, which is 

far smaller than the host polymer contents. This leads to significantly improved photocurrents and, in 

turn, high power conversion efficiencies relative to the binary blend cell. Such pronounced 

sensitization is found to originate in the markedly amplified sensitizer absorption owing to the optical 

interference effect of the more than 300-nm-thick photoactive layers. In parallel, the ternary blend 

system realizes markedly reduced photon energy loss, which is also important for the PCE 

improvement, and high thermal stability. With such excellent features, we believe that the sensitized 

ternary blend cells have exceptional possibilities and that exploring more well-matched material 

combinations would improve the performance further. 
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INTRODUCTION 

Organic photovoltaics (OPVs) based on bulk-heterojunction (BHJ) photoactive layers that use 

semiconducting polymers have been arousing profound interest as flexible, lightweight, and 

semitransparent solar cells, and can be produced by solution processes that involve low-cost and low-

energy methodologies.1-2 A critical issue in OPVs is the improvement of the power conversion 

efficiency (PCE). One of the important strategies for PCE improvement is to harvest as many incident 

photons as possible because this would lead to a large photocurrent. A simple approach to increase 

photon harvest is to red-shift the absorption range of the semiconducting polymers to match the solar 

spectrum.3-5 A large number of semiconducting polymers as both p-type and n-type semiconductors 

(electron donor and acceptor) with long-wavelength absorption, i.e., a narrow optical bandgap, have 

been developed in the last decade.4,6-10 More recently, small-molecule non-fullerene acceptors (NFAs) 

with long-wavelength absorption have been intensively synthesized and investigated.11-13 

Photoactive layer thickening can also increase photon harvest owing to the increased volume of the 

semiconducting materials.14-23 Whereas the use of a thick photoactive layer potentially increases the 

photocurrent of the cell, it often causes a severe decrease in the fill factor (FF) and thus the PCE, most 

likely due to the relatively low charge carrier mobility of the materials. Thus, the optimal photoactive 

layer thickness is typically limited to around 100 nm in OPVs,24-25 even for the state-of-the-art BHJ 

system that uses NFAs.12 Examples of thick-layered OPV cells have been limited to the BHJ system 

composed of regioregular poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61 (or C71)-butyric acid 

methyl ester (PC61BM or PC71BM).14-16 However, recent studies have shown that the use of some 

semiconducting polymers with high crystallinity other than P3HT, when combined with PCBMs, also 

enable a thick photoactive layer.17-19,21-23 On the other hand, managing the optical interference is 

another effective way to maximize photon harvest.17,26-28 The absorption within the photoactive layer 

does not linearly increase with the thickness and maximizes at some specific thickness because of the 

optical interference effect originating in the light reflection at the metal electrode. Thus, careful control 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 4 

of the photoactive layer thickness can boost the absorption. In order to realize this, the use of a 

semiconducting polymer enabling a thicker photoactive layer is indispensable. 

Ternary blend systems, in which three materials with different absorption ranges compose a single 

photoactive layer, have also been intensively studied as they can likewise effectively harvest incident 

light over a wide wavelength range that binary blend systems cannot cover. The ternary blends are 

composed of either two donors and one acceptor or one donor and two acceptors in which each pair of 

the donor and the acceptor independently undergoes photoinduced charge transfer in general, although 

several other modes (mechanisms) have been proposed as well.29-35 Apart from ternary blends with 

such “parallel-like” systems, “sensitized” systems have also been studied. One of the interesting 

sensitized systems includes the ternary blends in which the blend of P3HT and PC61BM (or PC71BM) 

is used as the host binary system and a small amount (5–20 wt%) of a long-wavelength absorber 

(narrow-bandgap) dye, such as diketopyrrolopyrrole,36-37 phthalocyanine,38-42 or squaraine43-44 

derivatives, is added as the third component (sensitizer). In these systems, the small-content third 

component absorbs light and injects the generated charge carriers into the host donor and acceptor. 

Nguyen and co-workers first demonstrated sensitization in a BHJ polymer solar cell using a 

diketopyrrolopyrrole molecule.36 Ohkita and co-workers systematically studied sensitized ternary 

blend systems using a series of phthalocyanine dyes38-42 and found that the phthalocyanine dye 

molecules were selectively located at the interface between P3HT and PC61BM, in which the surface 

energy of each material and the crystallization of the host materials were the driving force for the 

interfacial distribution.40-42 This resulted in energy levels in a cascade manner at the interface of these 

three components, which effectively allowed the charge generation. It is also interesting to note that in 

such ternary blend systems, an energy transfer from P3HT to the dye sweeps out the excitons buried 

in the P3HT domains.40,43 As such, the sensitized ternary blend system is believed to be a promising 

strategy for PCE improvement in OPVs. However, only P3HT has been used as the host crystalline 

polymer in that system, and thus the overall PCE has been limited to less than 5%. Although studies 
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have focused on increasing sensitizer content to increase photon harvest,42,45 a large sensitizer content 

has always been detrimental to OPV performance, most likely due to the unfavorable location of the 

sensitizer and/or the destruction of the blend morphology. Further, theoretical simulation predicted that 

in such type of sensitized ternary system, PCEs for combinations of narrow-bandgap host donor 

polymer and wide-bandgap sensitizer would exceed hose for reverse combinations.46 This is because 

it is advantageous to allow the donor polymer, which has much larger content than the sensitizer, to 

absorb the photon-abundant red portion of the solar spectrum. 

Here, we studied a ternary blend system in which we employed a wide-bandgap polymer based on 

thiophene and thiazolothiazole (PTzBT) having high crystallinity and face-on backbone orientation as 

the host donor polymer,21,23,47 which was combined with PC71BM as the pair for the host binary system, 

and a small amount of an NFA, which has a narrower bandgap than PTzBT, as the third-component 

sensitizer (Figure 1a). The NFAs used here are ITIC,48 IT-4F,49 IT-M,50 and IEICO-4F51 (Figure 1b), 

where the former three have the same molecular frame with a similar absorption range but with 

different energy levels, and the latter has a red-shifted absorption range relative to the former. The 

PTzBT-based sensitized ternary blend system in which the optimal NFA content is as small as 6 wt% 

provides significantly improved PCEs compared to the PTzBT/PC71BM binary system. The highest 

performance was observed with a photoactive layer of more than 300 nm thickness, which was 

comparable to the PTzBT:PC71BM binary blend cell. To our surprise, the external quantum efficiency 

(EQE) in the NFA absorption range was as high as that in the host polymer absorption range despite 

the fact that the NFA content is only 6 wt%, which is far smaller than the host polymer content. 

Importantly, we found that the optical interference effect plays an important role in harvesting the red 

photons. The result indicates that by utilizing the optical interference effect, the addition of a very 

small amount of narrow-bandgap sensitizer would be sufficient to harvest additional photons and lead 

to a high PCE if a thick photoactive layer is used. Such materials combination is contrary to the 

desirable combination in theory as mentioned above.46 Further, this system can generate higher open-
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circuit voltage (VOC) than the host binary system, leading to significantly reduced photon energy loss 

(Eloss). In addition, the ternary blend cell shows markedly improved thermal stability compared to the 

binary blend cell. We believe that these results would considerably expand the possibilities of 

sensitized ternary blend cells in improving the performance of OPVs. 

 

  
 

Figure 1. (a) Chemical structures, (b) UV–vis absorption spectra, (c) photoelectron yield spectra, (d) 

low-energy inverse photoelectron spectra, and (e) energy diagrams for the materials used in this study. 

HOMO and LUMO energy levels were determined from photoelectron yield spectra and low-energy 

inverse photoelectron spectra. All the spectra (a–c) were measured in thin films. 

RESULTS AND DISCUSSION 
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Materials properties 

Figure 1b shows the UV–vis absorption spectra for PTzBT, PC71BM, and NFAs (ITIC, IT-4F, IT-

M, and IEICO-4F). As previously reported, PTzBT showed a relatively narrow absorption spectrum 

covering 400–700 nm and had an absorption maximum (λmax) at 622 nm and an absorption edge (λedge) 

at 680 nm, which corresponds to the optical bandgap (Egopt) of 1.86 eV. PC71BM had a strong 

absorption peak at around 350 nm and a shoulder that extended to around 600 nm. ITIC, IT-4F, and 

IT-M gave absorption spectra covering 500–800 nm with λedge at 780 nm, 805 nm, and 760 nm 

corresponding to the Egopt of 1.59 eV, 1.54 eV, and 1.62 eV, respectively, whereas IEICO-4F showed 

further red-shifted absorption in the range of 600–950 nm with λedge at 954 nm and thus the Egopt of 

1.30 eV. Therefore, the addition of NFAs to the PTzBT/PC71BM host system results in an increase of 

the absorption range, thereby harvesting photons over almost the entire visible spectral range. 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

energy levels (EHOMO and ELUMO) of the materials were determined in the solid state by photoelectron 

yield spectroscopy (PYS) (Figure 1c) and low-energy inverse photoelectron spectroscopy (LEIPS)52-

53 (Figure 1d), respectively, and are summarized as energy diagrams (Figure 1e). The EHOMO and 

ELUMO were −5.12 eV and −2.76 eV for PTzBT, and −6.18 eV and −3.87 eV for PC71BM, respectively. 

The EHOMO and ELUMO were −5.68 eV and −3.75 eV for ITIC, −5.79 eV and −3.87 eV for IT-4F, −5.72 

eV and −3.71 eV for IT-M, and −5.45 eV and −3.78 eV for IEICO-4F, respectively. All these values 

were mostly in between those of PTzBT and PC71BM, indicating that the energy levels in these ternary 

blend systems were nearly cascaded. Note that the EHOMO and ELUMO of the materials were also 

evaluated by cyclic voltammetry (Figure S1, Table S1), and the trend was similar to those determined 

by PYS and LEIPS.  
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Solar cell performances 

We first fabricated binary blend cells with an inverted structure (ITO/ZnO/photoactive 

layer/MoOx/Ag) using the PTzBT/PC71BM (1:2 w/w) and PTzBT/ITIC (1:1.5 w/w) blend films as the 

photoactive layer. The EQE spectra and the current density (J)–voltage (V) curves for the cells are 

displayed in Figures 2a and 2b, respectively, and the photovoltaic parameters are summarized in Table 

1. The PTzBT/PC71BM cell exhibited as high as 7.4% PCE with a JSC of 11.8 mA cm–2, a VOC of 0.88 

V, and an FF of 0.71, consistent with the results reported previously.21,23 The relatively small JSC was 

due to the limited absorption range of up to ca. 670 nm, which corresponds to the absorption of PTzBT. 

A striking feature of the cell was that the optimal photoactive layer thickness was more than 300 nm, 

which is very thick for OPVs. This most likely originated in the high crystallinity and the face-on 

orientation of the polymer in the PC71BM-blend film. With respect to the PTzBT/ITIC binary blend 

cell, although this cell had a wider spectral response than the PTzBT/PC71BM binary blend cell, it gave 

a modest JSC of 11.7 mA cm–2 because of the relatively low EQE values throughout the absorption 

range. It was also unfortunate that the cell exhibited a low FF of 0.61 even when the photoactive layer 

was as thin as 120 nm, which was the optimal thickness. Thus, the PCE was limited to 7.1%. In contrast 

to the PTzBT/PC71BM cell, the performance of the cell severely deteriorated when the photoactive 

layer was thicker (Figure S2, Table S2). This can be explained by the low crystallinity of the polymer 

when blended with ITIC (Figure S3). Notably, however, the Eloss that is defined as Egopt − eVOC54-57 

was 0.62 eV for the PTzBT/ITIC cell, which was significantly small relative to 0.98 eV for the 

PTzBT/PC71BM cell. In addition, we also fabricated an ITIC/PC71BM cell. However, it showed almost 

no photovoltaic response (Figure S4), most likely due to the extremely small offset energy of the 

ELUMO (ΔEL) between ITIC and PC71BM, which is a simple measure of the driving force energy for 

the charge separation. 

We then fabricated ternary blend cells using the PTzBT/PC71BM (1:2 w/w) blend as the host binary 

system and ITIC as the third component. We first optimized the content of ITIC while the 
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PTzBT/PC71BM weight ratio was set to 1:2. Figures 3a and 3b depict the EQE spectra and the J–V 

curves for the ternary blend cells with an ITIC ratio of 0 to 40 wt%. By the addition of 3 wt% ITIC 

(PTzBT:PC71BM:ITIC = 1:2:0.1), the absorption range was expanded to ca. 770 nm and the EQE at 

700 nm was 28% (Figure 3a). This indicates a clear contribution of ITIC to the photoconversion even 

though the ITIC content is very small. Surprisingly, increasing the ITIC content to 6 wt% 

(PTzBT:PC71BM:ITIC = 1:2:0.2) significantly boosted the EQE at around 700 nm to 66%, which was 

comparable to that in the PTzBT absorption range (EQE = 67% at 620 nm). Note that the weight ratio 

of ITIC to PTzBT was only one-fifth. However, it is interesting that the further increase in ITIC content 

of up to 40 wt% gradually decreased the EQE at around 700 nm to 40%, which was also accompanied 

by a significant decrease in the EQE in the PTzBT absorption range. Accordingly, JSC was maximized 

at the ITIC content of 6 wt% and decreased with further increase in the ratio (Figure 3b, Table 2). 

The VOC for the ternary blend cell with the small ITIC content (3–9 wt%) was 0.89 V, which was 

almost the same as that for the PTzBT/PC71BM binary blend cell (Figure 3b, Table 2). Increasing the 

ITIC content, however, increased VOC, and VOC was 0.94 V at the ITIC content of 40 wt%. This is 

consistent with the fact that the PTzBT/ITIC system gave a higher VOC than the PTzBT/PC71BM 

system. Importantly, Eloss for the PTzBT/PC71BM/ITIC ternary blend cell was significantly reduced to 

0.70 eV at the ITIC content of 3–9 wt% relative to that for the PTzBT/PC71BM binary blend cell of 

0.98 eV. This originated in the difference in the bandgap between the ternary and the binary systems, 

where the former was determined by ITIC (1.59 eV) and the latter was determined by PTzBT (1.86 

eV), whereas VOC was almost the same for both systems. The ternary blend cell with the ITIC content 

of 40 wt% showed the minimum Eloss of 0.65 eV for this system.  

The FF for the ternary blend cell with the ITIC content of 3–14 wt% was 0.70–0.71, which was 

almost the same as that for the PTzBT/PC71BM binary blend cell (Table 2). However, a further increase 

in the ITIC content was detrimental as was seen from the lower FF for the PTzBT/ITIC cell than the 

PTzBT/PC71BM cell. As a result, PCE for the ternary blend cell was maximum at 10.3% at the ITIC 
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ratio of 6 wt% (JSC = 16.5 mA cm–2, VOC = 0.89 V, FF = 0.70). It is important to note that the optimal 

thickness for the photoactive layer was 360 nm (Figure 3, Table 3), as is the case for the 

PTzBT/PC71BM cell. In addition, the use of PC61BM instead of PC71BM gave similar results (Figure 

S5, Table S3).  

We also tested the sensitized ternary blend cells by using other NFAs, such as IT-4F, IT-M, and 

IEICO-4F, as the third component. Figures 2c and 2d depict the EQE spectra and the J–V curves for 

the cells with the optimal NFA content of 6 wt%, and Table 1 summarizes the photovoltaic parameters. 

All these ternary blend cells showed higher PCEs than the binary blend cells that used PTzBT and the 

corresponding NFAs (Figure S6, Table 1) as well as the PTzBT/PC71BM cell. Notably, the optimal 

thickness of all these systems was also around 300 nm. The PTzBT/PC71BM/IT-4F cell showed 

reasonably high photovoltaic performance with a PCE of 9.9% (JSC = 15.6 mA cm–2, VOC = 0.85 V, FF 

= 0.70), although VOC was lower than that for the ITIC ternary blend cell, resulting in the Eloss of 0.73 

eV. The low VOC is most likely a result of the deeper ELUMO for IT-4F than ITIC. On the other hand, 

the PTzBT/PC71BM/IT-M cell showed a high VOC of 0.92 V owing to the shallow ELUMO of IT-M 

relative to that of ITIC and IT-4F, although Eloss was almost the same as that for the ITIC and IT-4F 

cells due to the slightly wider Egopt for IT-M. In addition, PCE was limited to 9.4% due to the smaller 

JSC, which in part originated in the slightly wider Egopt for IT-M than ITIC. Although the overall 

performance of these cells was lower than that of the ITIC cell, these results suggested that the 

energetics of the third component affects VOC, and thus the choice of materials with more suitable 

energetics, including Egopt, can further enhance the performance of the ternary blend cell.   

In the IEICO-4F ternary blend cell, the EQE spectrum covered the absorption range of up to 

approximately 950 nm, although the EQE values were not as high as those for the ternary blend cells 

that used ITIC, IT-4F, and IT-M. Nevertheless, the IEICO-4F ternary blend cell had a JSC of 16.9 mA 

cm–2, which was larger than that for the other ternary blend cells. Notably, it showed a VOC of 0.83 V, 

which was lower than that for the PTzBT/PC71BM cell but higher than that for the PTzBT/IEICO-4F 
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cell, contrary to our expectations based on the difference in ELUMO. In fact, this trend was opposite to 

the case for the other NFAs, where the PTzBT/NFA binary blend cells that used ITIC, IT-4F, and IT-

M showed higher VOC than the PTzBT/PC71BM cell as well as the corresponding ternary blend cell. 

Although we do not know the reason so far, the energetics might differ when the materials are blended 

due to intermolecular interactions at the interface. Consequently, Eloss was significantly reduced to 0.47 

eV, which was even smaller than 0.52 eV for the PTzBT/IEICO-4F cell, with a relatively high PCE of 

8.9% for OPVs with such a small Eloss.51,58-61 

In order to better complement the absorption range, we fabricated a quaternary cell based on the 

PTzBT/PC71BM binary system with small amounts of ITIC and IEICO-4F, where the optimal content 

for ITIC and IEICO-4F was found to be 3 wt% each. The optimal photoactive layer thickness was 280 

nm. Although the EQE values in the absorption range for the two NFAs were low relative to those for 

the corresponding ternary blend cells due to the low content (Figure 2c), and thus JSC was small 

(Figure 2d), ITIC successfully buried the valley between PTzBT and IEICO-4F absorptions. It is 

interesting that VOC slightly increased to 0.85 V compared to that for the IEICO-4F ternary blend cell 

(Table 1), most likely owing to the addition of ITIC with ELUMO shallower than that for IEICO-4F. 

Consequently, the quaternary cell had an Eloss of as small as 0.45 eV, considered one of the smallest 

values for OPVs, with an enhanced PCE of 9.3%. 
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Figure 2. (a) EQE spectra and (b) J–V curves for photovoltaic cells based on PTzBT/PC71BM (1:2 

w/w) and PTzBT/ITIC (1:1.5 w/w) binary blends, and PTzBT/PC71BM/ITIC ternary blend with 6 wt% 

ITIC (1:2:0.2 w/w/w). (c) EQE spectra and (d) J–V curves for photovoltaic cells based on ternary 

blends that used PTzBT/PC71BM as the host binary blend and ITIC, IT-4F, IT-M, and IEICO-4F with 

6 wt% as the third component, and the PTzBT/PC71BM/ITIC/IEICO-4F quaternary blend with 3 wt% 

each for ITIC and IEICO-4F (1:2:0.1:0.1 w/w/w/w). 

  

(a) (b)

(c) (d)
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Figure 3. (a) EQE spectra and (b) J–V curves for photovoltaic cells based on the PTzBT/PC71BM/ITIC 

blend with different ITIC contents (0–40 wt%). (c) EQE spectra and (d) J–V curves for photovoltaic 

cells based on the PTzBT/PC71BM/ITIC blend (6 wt%) with different photoactive layer thicknesses 

(110, 210, 290, and 360 nm). 

  

(a) (b)

(c) (d)
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Table 1. Photovoltaic parameters of cells based on PTzBT/PC71BM and PTzBT/ITIC binary blends 

and PTzBT/PC71BM/ITIC ternary blend. 

Photoactive layer Thickness 
(nm)c 

JSC 
(mA cm−2) 

VOC 
(V) 

FF PCE 
(%)d 

Eloss 
(eV)e 

PTzBT/PC71BM 340 11.8 0.88 0.71 7.4 0.98 
PTzBT/ITIC 120 11.7 0.97 0.61 7.1 0.62 
PTzBT/PC71BM/ITICa 350 16.5 0.89 0.70 10.3 0.70 
PTzBT/IT-4F 140 10.0 0.90 0.72 6.4 0.64 
PTzBT/PC71BM/IT-4Fa 320 15.6 0.85 0.70 9.9 0.73 
PTzBT/IT-M 110 11.8 1.00 0.64 7.6 0.63 
PTzBT/PC71BM/IT-Ma 300 14.7 0.92 0.70 9.4 0.71 
PTzBT/IEICO-4F 120 7.0 0.78 0.40 2.2 0.52 
PTzBT/PC71BM/IEICO-4Fa 300 16.9 0.83 0.64 8.9 0.47 
PTzBT/PC71BM/ITIC/IEICO-4Fb 280 15.6 0.85 0.70 9.3 0.45 

a) 6 wt% of NFA was used (PTzBT:PC71BM:NFA = 1:2:0.2). b) 3 wt% of ITIC and IEICO-4F was 
used (PTzBT:PC71BM:ITIC:IEICO-4F = 1:2:0.1:0.1). c) Optimal photoactive layer thickness. d) 
Maximum power conversion efficiency. e) Photon energy loss: Egopt – eVOC. 
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Table 2. Photovoltaic parameters of cells based on PTzBT/PC71BM/ITIC ternary blend with different 

ITIC contents. 

ITIC content (wt%) Thickness (nm) JSC (mA cm−2) VOC (V) FF PCE (%) 

0 340 11.8 0.88 0.71 7.4 

3 330 12.5 0.89 0.71 7.9 

6 350 16.5 0.89 0.70 10.3 

9 350 15.5 0.89 0.70 9.7 

14 330 14.9 0.91 0.71 9.6 

25 360 11.4 0.93 0.66 7.0 

40 350 9.0 0.94 0.61 5.1 
 

 

Table 3. Photovoltaic parameters of cells based on PTzBT/PC71BM/ITIC (6 wt%) ternary blend with 

different photoactive layer thicknesses. 

Thickness (nm) JSC (mA cm−2) VOC (V) FF PCE (%) 

110 nm 11.5 0.91 0.75 7.9 

210 nm 13.5 0.91 0.73 9.1 

290 nm 14.3 0.91 0.70 9.3 

360 nm 16.5 0.89 0.70 10.3 

 
  

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 16 

Optical measurements and simulations 

As described above, in the PTzBT/PC71BM/ITIC ternary blend cell, EQE in the ITIC absorption 

range was as high as that in the polymer absorption range, particularly in the cell with a thick 

photoactive layer, despite the fact that the ITIC content is only 6 wt%. We thus first examined the 

absorption efficiency for the ternary blend film (1:2:0.2 w/w/w; ITIC 6 wt%) by measuring the UV–

vis absorption spectra in both the normal mode using transmitted light and the reflection mode, and 

compared them with those for the PTzBT/ITIC (1:1.5 w/w) binary blend film (Figure 4a). Note that 

the thickness of the ternary and binary blend films was set to the optimal value for each solar cell; 

approximately 340 nm for the ternary blend film and 120 nm for the binary blend film. It was found 

that in the normal mode, the absorption efficiency for the ITIC band in the ternary blend film was only 

24%, reflecting the ITIC content. This was far lower than that for the PTzBT band (86%) in the same 

film, and was also far lower than that for the ITIC band in the PTzBT/ITIC binary blend film (73%). 

However, in the reflection mode, the absorption efficiency for the ITIC band in the ternary blend film 

was significantly increased to 81%, which was close to that for the PTzBT band (93%) in the same 

film as well as that for the ITIC band in the binary blend film (89%). We also note that the absorption 

efficiency for the ITIC band with respect to the PTzBT band in the ternary blend was significantly 

higher in the thicker film than the thinner film (Figure 4b). This was also the case in the 

PTzBT/PC71BM/IEICO-4F film having broader absorption in the long-wavelength range (Figure S7), 

and was in good agreement with the photovoltaic properties (Figure S8, Table S4). 

To study this effect further, we then simulated the distribution of light absorption within the ternary 

blend film on the cell.62 We first carried out variable angle spectroscopic ellipsometry (VASE) 

measurements to determine the refractive indices and the extinction coefficients for the 

PTzBT/PC71BM/ITIC (6 wt%) film (Figure S9a) as well as the materials used for the photovoltaic 

cell, such as glass, ITO, ZnO, and MoOx (Figure S9b). Using these optical constants, we performed a 

simulation of the reflection absorption spectra for the ternary blend films (Figure S10), and found that 
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the simulated spectra nicely reproduced the experimental data shown in Figure 4b. Figure 4c displays 

the simulated absorption distribution inside the cells with the wavelength (horizontal axis) and the 

distance from the interface between the ZnO layer and the photoactive layer (vertical axis) to the Ag 

electrode with different photoactive layer thicknesses. Note that the thickness values for the ternary 

blend films shown here were determined by the VASE measurement and thus were slightly different 

from the values measured by a profilometer, particularly for the thick film: 120, 180, 280, and 430 nm 

by the VASE measurement corresponded to 110, 210, 290, and 360 nm measured by the profilometer. 

In the thin films with 120 and 180 nm thickness, there was only one maximum for the absorption at 

around 700 nm, which corresponded to the ITIC absorption band, within the photoactive layer. When 

the thickness was increased to 280 and 430 nm, we observed two and three maxima for the same ITIC 

absorption band, respectively. The result indicates that there is clear optical interference effect in the 

ITIC absorption band. In fact, the plot of the simulated absorption efficiency at 700 nm vs. photoactive 

layer thickness shown in Figure 4d showed a strong multiple-intensity oscillation, in which the 

absorption efficiency gradually increased with three maxima as the thickness increased, resulting in 

the highest absorption efficiency around the thickness of 400 nm. The fact that the optical interference 

effect significantly appeared for ITIC even though its concentration was very low is very interesting. 

On the other hand, in the film with 180 nm thickness, the absorption band around 400–650 nm 

wavelength corresponding to the PTzBT band had two maxima within the layer, which was also 

indicative of the optical interference effect. However, in the thicker films (280 and 430 nm), this optical 

interference effect was absent for the PTzBT band as there was only one maximum that was located 

around the ZnO/photoactive layer interface. Thus, the absorption by PTzBT at 620 nm wavelength 

was saturated at the thickness of ~200 nm (Figure 4d). Considering the different absorption behavior 

between ITIC and PTzBT, the well-dispersed ITIC at a low concentration would account for the 

observation of the multiple absorption maxima in the ternary film. This simulated absorption 

distribution is in good agreement with the fact that the absorption efficiency for the ITIC band 
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significantly increased with the increase in thickness, and the EQE value for the ITIC band was 

markedly high even though the ITIC content was very low.  

 
 
 

   
 

Figure 4. (a) UV–vis absorption spectra for PTzBT/ITIC and PTzBT/PC71BM/ITIC (6 wt%) films in 
the normal and reflection modes. (b) UV–vis absorption spectra for the PTzBT/PC71BM/ITIC (6 wt%) 
film in the reflection mode with different thicknesses. Note that the thickness was measured by VASE 
measurement: 110, 180, 280, and 430 nm correspond to the thicknesses of 110, 210, 290, and 360 nm 
measured by a profilometer, respectively. (c) Simulated absorption distribution for the 
PTzBT/PC71BM/ITIC (6 wt%) cells with different photoactive layer thicknesses. (d) Simulated 
absorption efficiency for the PTzBT/PC71BM/ITIC (6 wt%) film at 620 nm (PTzBT) and 700 nm 
(ITIC) as a function of photoactive layer thickness. 
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Distribution of three components and working mechanism in the ternary blend system 

In the sensitized ternary blend cells, as the content of the third component is very small, the 

distribution (location) of the three components plays an important role.38,41 It was reported that in the 

sensitized ternary blend system based on the P3HT/PC61BM host binary system with a phthalocyanine 

derivative as the third component, the phthalocyanine molecules were selectively located at the 

interface between the P3HT and PC61BM domains.40 We thus discuss here how the three components 

are distributed in the present system by the grazing incidence X-ray diffraction (GIXD) measurements 

as well as the transient absorption spectroscopy (TAS) and contact angle measurement.40-41,63 Note that 

in these measurements, PC61BM was used instead of PC71BM because the trend in the OPV 

performance of these fullerenes was almost the same. 

 

GIXD study 

Figure 5a depicts the two-dimensional (2D) GIXD patterns of the PTzBT/PC61BM/ITIC ternary 

blend films with different ITIC contents (0, 3, 6, 9, 14, 25, and 40 wt%). Diffraction profiles along the 

quasi-qz and qxy axes cut from the 2D patterns are also depicted in Figure S11. As previously reported, 

at 0 wt% ITIC, i.e., the PTzBT/PC61BM binary blend film, PTzBT showed clear diffractions 

corresponding to the lamellar structure, (h00), along both quasi-qz and qxy axes (q = 0.31 Å–1) and a 

diffraction corresponding to the π–π stacking structure, (010), along the quasi-qz axis (q = 1.80 Å–1), 

indicating that the polymer assumed face-on orientation. Furthermore, these diffractions were 

relatively sharp for semiconducting polymers, which suggested that PTzBT had high crystalline nature. 

In fact, the d-spacing for the π–π stacking structures (dπ) was 3.48 Å, which was significantly small, 

and the d-spacing for the lamellar structure (dL) was approximately 20 Å. The diffuse ring at q = 1.31 

Å–1 corresponds to the aggregation of PC61BM with the d-spacing (dPCBM) of 4.7 Å. When ITIC was 

added, the 2D GIXD pattern did not change, suggesting that the crystalline structures of the polymer 

and PC61BM were preserved. It is noted that the diffractions for ITIC were not observed in these 
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patterns even when relatively large amounts, such as >25 wt%, were added (see Figure S3 for the 2D 

GIXD pattern of ITIC neat film). 

Figure 5b (upper) shows the change in d-spacings as a function of the ITIC content. When the ITIC 

content was increased, although dL almost did not change, dπ slightly but gradually enlarged to 3.55Å 

at 40 wt%. With respect to PC61BM, dPCBM gradually decreased to 4.5 Å, implying that the aggregates 

became smaller. We also calculated the coherence lengths for the three structural orders, i.e., lamella 

(LL), π–π stacking (Lπ), and PC61BM (LPCBM), using the simplified Scherrer’s equation (2π/FWHM: 

FWHM = full width at half-maximum of the diffraction peak).64 Figure 5b (lower) shows the 

dependence of LL, Lπ, and LPCBM on the ITIC content. It is clear that at larger ITIC contents, the 

coherence length decreased for all the structural orders. These results imply that at smaller ITIC 

contents, the PTzBT and PC61BM domains remained pure and the ITIC molecules should be isolated 

from both domains, being located at the interface between the PTzBT and PC61BM domains and/or in 

the amorphous phase. As changes in the d-spacings for all the structural orders were marginal, although 

dπ did increase to some extent, the ITIC molecules were not likely to penetrate either the PTzBT or 

PC61BM domain even at larger contents. Nevertheless, the addition of large amounts of ITIC was 

detrimental to the crystallinity for both PTzBT and PC61BM, consistent with the lower photovoltaic 

performance, as well as the hole mobility (Figure S12, Table S5), in the larger ITIC contents. In 

addition, the transmission electron microscopy (TEM) also revealed that when the ITIC content was 

small, the morphology for the PTzBT/PC61BM/ITIC ternary blend was almost the same as that for the 

PTzBT/PC61BM binary blend. However, the morphology for the ternary blend was significantly 

changed when the ITIC was increased, in particular for more than 25 wt% (Figure S13). This is 

consistent with the change in the crystallinity by 2D GIXD measurements, and thus the hole mobility 

and photovoltaic performance. 

 
Transient absorption spectroscopy 

We measured the time evolution of the transient absorption spectra for the PTzBT/PC61BM/ITIC 
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film with the ITIC content of 6 wt% within the picosecond time range (~3000 ps). First, the film was 

photoexcited at 700 nm, where ITIC was selectively excited (Figure 5c). Immediately after the laser 

excitation (0 ps), a transient absorption band was observed at around 850–1050 nm, which was 

assigned to the ITIC singlet exciton by taking into account the transient absorption spectra for the 

PTzBT/ITIC film photoexcited at 700 nm (Figure S13a). Figure 5d shows the decay of the ITIC 

singlet and PTzBT ground state bleach (GSB) that was observed at around 500–680 nm. The ITIC 

singlet exciton then decayed with the time constant of 7 ps, which, importantly, was almost the same 

as that for the rise of the PTzBT GSB signal. This suggests that the hole transfer from ITIC to PTzBT 

occurred and thus these two materials should contact each other. Accordingly, we observed an 

absorption band assignable to the PTzBT polaron (hole generated on PTzBT), which had a peak at ca. 

980 nm and thus was mostly overlapped with the ITIC singlet exciton band: the peak of the absorption 

in 850–1050 nm gradually red-shifted from 950 to 980 nm with time, which indicated that the 

population of the ITIC singlet exciton decreased and, at the same time, the population of the PTzBT 

polaron increased. In addition, the fact that the ITIC singlet exciton decayed slowly in the time scale 

of several picoseconds suggests that ITIC formed some aggregates in the ternary blend. 

The film was then photoexcited at 500 nm, where PTzBT was selectively excited (Figure 5e). A 

transient absorption band was observed at around 1050–1500 nm immediately, which was assigned to 

the PTzBT singlet exciton by considering the transient absorption spectra for the PTzBT/PC61BM film 

photoexcited at 500 nm (Figure S13b). Interestingly, the ITIC singlet exciton band was also observed 

at 0 ps, which further intensified with a similar time scale to the decay of the PTzBT singlet exciton. 

This suggests that there was an energy transfer from PTzBT to ITIC. The PTzBT polaron was also 

observed similarly to the case of the photoexcitation at 700 nm. It goes without saying that the 

generation of the PTzBT polaron suggests that the electron transfer from PTzBT to either PC61BM or 

ITIC, or both, occurred. However, it should be noted that considering the amount of the materials 

included in the ternary blend, electron transfer from PTzBT to PC61BM certainly occurred. 
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Figure 5f shows the transient absorption spectra for the PTzBT/PC61BM, PTzBT/ITIC, and 

PTzBT/PC61BM/ITIC films 1000 ps after the PTzBT excitation at 500 nm. The absorption in the range 

of approximately 650–800 nm also corresponds to the PTzBT polaron. Further, in the case of the 

PTzBT/ITIC and PTzBT/PC61BM/ITIC films, this signal overlapped with the GSB of ITIC. Thus, 

comparison of these spectra would allow us to discuss the generation of anions, i.e., to which material 

the electron transfer from PTzBT occurred. Note that the transient absorption bands for the anions 

could not be observed directly due to the extremely low intensity of the signals. The spectra for the 

PTzBT/PC61BM and PTzBT/ITIC films represent the states in which the anions reside on PC61BM and 

ITIC, respectively. With respect to the PTzBT/PC61BM/ITIC film, its spectrum appeared to be a 

superposition of the spectra for both the binary films. This suggests that the anions in the ternary blend 

film reside on both PC61BM and ITIC. Thus, it is most likely that electron transfer occurred from 

PTzBT to both PC61BM and ITIC, meaning that PTzBT should contact both PC61BM and ITIC.  

 
Materials distribution and working mechanism 

In this ternary blend, both PTzBT and PC61BM formed crystalline domains similarly to the 

PTzBT/PC61BM binary blend, in particular when the ITIC content was small, as the 2D GIXD patterns 

for the binary and the ternary blends were almost the same. Thus, we conclude that the ITIC molecules 

penetrated neither the PTzBT nor the PC61BM domain. As suggested by TAS, ITIC likely formed 

aggregates, but perhaps the aggregates were small considering the amount of ITIC added into the 

ternary blend. Furthermore, TAS confirmed that PTzBT had contact with both PC61BM and ITIC. It is 

also noted that if the ITIC molecules had penetrated the PTzBT domain, the generated electrons would 

not be extracted because of the disconnected ITIC network. On the other hand, if there were ITIC 

molecules in the PC61BM domain, those molecules would not undergo charge separation as revealed 

by the fact that the ITIC/PC61BM cell did not work at all. Both cases are detrimental to the OPV 

performance of the ternary blend cell, which should not be the case here. Overall, the distribution of 

PTzBT, PC61BM, and ITIC is most likely to be that illustrated in Figure 5g, in which the small ITIC 
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aggregates are mainly located at the interface of the PTzBT crystallites and PC61BM aggregates, where 

the PTzBT amorphous phases should also exist. We assume that this was driven by the highly 

crystalline nature of PTzBT. 

Note that, however, the contact angle measurements revealed that the surface energy of PC61BM 

(33.3 mJ m−2) was close to that of ITIC (31.2 mJ m−2), while that of PTzBT was much smaller (27.1 

mJ m−2) (Table S6), implying that ITIC molecules are likely to mix with PC61BM molecules: this 

should also be the case when PC71BM is used since the surface energy for PC71BM (31.1 mJ m−2) was 

similar. Thus, the PC61BM molecules could also co-exist with the ITIC molecules in the polymer 

amorphous regions. In addition, when the ITIC content is large, ITIC molecules can further mix with 

PC61BM molecules and thus they could penetrate into and destroy the PC61BM aggregates, which 

would also decrease the crystallinity of PTzBT. 

Thus, the working mechanism of this ternary blend is explained as follows. When PTzBT absorbs 

incident light and generates excitons, electron transfer to both PC61BM and ITIC occurs, and energy 

transfer to ITIC occurs as well. The hole generated in PTzBT is transported through the PTzBT domain 

to the positive electrode. Excitons generated in ITIC upon light absorption are separated at only the 

PTzBT/ITIC interface because the ITIC/PC61BM binary blend did not show photoresponse (Figure 

S4). This is also the case when ITIC generates excitons by energy transfer from PTzBT. The electrons 

generated in ITIC are injected into PC61BM, which helps the electrons sweep out to the negative 

electrode. The excitons generated in PC61BM are separated into free charges at the PTzBT interface 

by the hole transfer. 
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Figure 5. 2D GIXD and TAS studies to determine the distribution of the materials. (a) 2D GIXD 

patterns of PTzBT/PC61BM/ITIC ternary blends with different ITIC contents (0–40 wt%). The ITIC 

content is shown on the top right of each pattern. (b) Dependence on the ITIC content of d-spacings 

(upper) and coherence length (lower) for the lamellar and π–π stacking orders of PTzBT and for the 

aggregate of PC61BM. (c–f) Transient absorption spectra for the PTzBT/PC61BM/ITIC (6 wt%) ternary 

blend film. (c) Spectra measured at 0–3000 ps after photoexcitation at 700 nm. (d) Change in signals 

for the ITIC singlet and PTzBT ground state bleach (GSB) over time. (e) Spectra measured at 0–3000 

ps after photoexcitation at 500 nm. (d) Comparison of spectra, measured at 1000 ps after 
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photoexcitation at 500 nm, for the PTzBT/PC61BM and PTzBT/ITIC binary blend films. (g) Proposed 

schematic illustration of the distribution of materials in the ternary blend film. 

 
 
 
Thermal stability of ternary blend cell 

We studied the thermal stability of the cells based on the PTzBT/PC71BM binary blend and the 

PTzBT/PC71BM/ITIC (6 wt%) ternary blend. The cells were heated at 85 °C in the dark under an N2 

atmosphere (glove box) for 1000 h.65 The J–V characteristics were measured at room temperature. 

Figure 6a shows the relative changes in PCE as a function of storage time. Interestingly, the ternary 

blend cell showed markedly increased thermal stability under the above-mentioned conditions. The 

binary blend cell demonstrated a significant decrease in PCE to approximately 80 percent of the initial 

value within the initial 24 h. Then, its PCE further decreased to approximately 70 percent at 200 h and 

was maintained at this value up to 1000 h.66-67 In contrast, the PCE of the ternary blend cell gradually 

decreased to approximately 90 percent of the initial value at 200 h and was maintained at this value up 

to 1000 h. The difference was largely due to the difference in FF (Figure S14). In addition, 

PTzBT/ITIC was also tested under the same conditions, but it significantly degraded within the initial 

100 h (Figure S15). We further investigated the film structure by conducting 2D GIXD measurements 

(Figure S16). Whereas the dπ increased and the Lπ declined for PTzBT in the binary blend after 

annealing the film at 85 °C, both dπ and Lπ were unchanged for PTzBT in the ternary blend (Figure 

6b). Thus, we assume that the morphology was significantly stabilized by the addition of ITIC, which 

seemed to account for the improved thermal stability of the ternary blend cell. 
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Figure 6. (a) Relative changes in PCE by storing the PTzBT/PC71BM binary blend cell and the 

PTzBT/PC71BM/ITIC (6 wt%) ternary blend cell at 85 °C in the dark in a glove box for 1000 h. (b) 

Changes in dπ (upper) and Lπ (lower) for PTzBT with annealing time for the PTzBT/PC71BM binary 

blend film and the PTzBT/PC71BM/ITIC (6 wt%) ternary blend film. 
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CONCLUSIONS 

In this work, we fabricated sensitized ternary blend cells that used crystalline polymer PTzBT and 

PC71BM as host donor and acceptor materials and a small amount of an NFA, such as ITIC, IT-4F, IT-

M, or IEICO-4F, as the third component. Apparently, the NFA molecules were selectively located at 

the interface between the PTzBT and PC71BM domains as revealed by 2D GIXD and TAS 

measurements. The ternary blend cell with the ITIC content of 6 wt% demonstrated vastly improved 

PCE of over 10%, compared with the PTzBT/PC71BM binary blend cell that had a PCE of 7.4%. In 

addition, the ternary blend cell showed significantly reduced Eloss relative to the binary blend cell. 

Specifically, when IEICO-4F having a narrower bandgap than the other NFAs was used, Eloss was as 

small as 0.47 eV, which was smaller than that for the corresponding binary blend cell combined with 

PTzBT, unlike the case of the other NFAs, and was one of the smallest values for OPVs. Importantly, 

for all the NFAs, maximum performance was achieved with a very thick photoactive layer of more 

than 300 nm. We would like to stress that despite the fact that the NFA sensitizer content was very 

small, the EQE in the NFA absorption range, particularly for the cases of ITIC, IT-4F, and IT-M, was 

as high as that in the host polymer absorption range. This originated in the optical interference effect 

where the sensitizer absorption significantly intensified when the reflection at the back contact was 

taken into account. In fact, the optical simulation based on VASE measurements showed that multiple 

intensity maxima were observed in the NFA absorption range within the photoactive layer particularly 

when the layer thickness was increased. It is interesting to note that in the thick film, PTzBT absorbs 

most of the incident light within the first 100 nm thickness from the ZnO layer, whereas NFA (ITIC) 

absorbs the incident light throughout the film thickness. Thus, PTzBT carries generated holes to the 

Ag electrode over a distance of more than 300 nm distance, but still has high FF in excess of 0.7. This 

originates in the highly crystalline order and the high hole mobility of PTzBT, that is, the use of highly 

crystalline polymer as the host donor is essential for the sensitized ternary blend cells.  

To the best of our knowledge, we showed for the first time that the sensitized ternary blend cell can 

function with a crystalline semiconducting polymer other than P3HT as the host donor. The presented 
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ternary blend cells require only a small amount of the third component that fully harvests incident 

photons in the corresponding absorption range by utilizing the optical interference effect, owing to the 

highly crystalline host polymer enabling a thick photoactive layer. Although it was shown by 

theoretical simulation that the combination of a narrow-bandgap donor polymer and a wide-bandgap 

sensitizer is desirable for such sensitized ternary blend cells, our results demonstrate that the opposite 

combination, a wide-bandgap donor polymer and a narrow-bandgap sensitizer, can be the better choice. 

In parallel, this type of ternary blend cells can realize significantly small Eloss and thus a high 

photovoltage, simultaneously with a large photocurrent. All these features are indeed important for 

improving PCE. In addition, the ternary blend cell significantly increased thermal stability compared 

with the binary blend cell. Although the overall PCE is still around 10%, we believe that the sensitized 

ternary blend cells show exceptional possibilities. Exploring more highly matched material 

combinations in terms of bandgap, energetics, and crystallinity as well as designing the optical 

interference would certainly improve the performance further.  
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EXPERIMENTAL SECTION 

Materials. PTzBT,21,68 ITIC,48 IT-4F,49 IT-M,50 and IEICO-4F51 were synthesized according to 

published procedures. PC61BM and PC71BM were purchased from Solenne BV. 

 

Solar Cell Fabrication and Measurement. ITO substrates were first pre-cleaned sequentially by 

sonicating in a detergent bath, de-ionized water, acetone, and isopropanol at room temperature, and in 

boiled isopropanol each for 10 min, and then baked at 120 °C for 10 min in air. After that, the substrates 

were subjected to UV/ozone treatment at room temperature for 20 min. A ZnO layer was prepared by 

spin coating (at 1500 rpm) from a diluted solution of ZnO nanoparticles. The photoactive layer was 

deposited in a glove box (Korea Kiyon, KK-011AS-EXTRA) by spin coating a chlorobenzene solution 

of the blends (approximately 4–6 g L−1 concentration based on the polymer) at 600 rpm for 20 s, in 

which the solution was kept heated at 100 °C. The thin films were transferred into a vacuum evaporator 

(ALS Technology, E-100J) connected to the glove box. MoOx (7.5 nm) and Ag (100 nm) were 

deposited sequentially by thermal evaporation under ~10−5 Pa, where the photoactive area of the cells 

was 0.126 cm2. The J–V characteristics of the cells were measured using a Keithley 2400 source–

measure unit in nitrogen atmosphere under the 1 sun (AM1.5G) condition using a solar simulator 

(SAN-EI Electric, XES-40S1). Light intensity was calibrated with a reference PV cell (KONICA 

MINOLTA AK-100 certified by National Institute of Advanced Industrial Science and Technology, 

Japan). EQE spectra were measured with a spectral response measuring system (SOMA OPTICS, S-

9241). More than 10 different substrates (four photoactive areas each) were prepared, and their 

photovoltaic properties were measured. Photoactive layer thickness was measured with an ET4000 

(Kosaka Laboratory, Ltd.). 
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