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Abstract 

We used mid-bandgap small molecule donor TR as a third component to fabricate ternary 

nonfullerene organic solar cells (OSCs) based on narrow-bandgap polymer donor PTB7-Th 

and narrow-bandgap nonfullerene acceptor FOIC. TR exhibits full miscibility with PTB7-Th 

and efficient energy transfer to PTB7-Th, enhances stacking of PTB7-Th, hole mobility and 

charge generation of the blends, and ultimately improves device performance. Compared with 

the binary PTB7-Th/FOIC blend, the ternary device with 25% TR (w/w) yields 

simultaneously improved open-circuit voltage, short-circuit current density and fill factor. 

Finally, single-junction OSCs based on the ternary PTB7-Th/TR/FOIC blend yield power 

conversion efficiency as high as 13.1%, higher than the binary OSCs (12.1%). The ternary 

device efficiency exhibits high tolerance to thickness variation (>12% in the range of 80-200 

nm).  Transient absorption spectroscopy confirms the importance of long-range resonant 

energy transfer from donor to acceptor phases. 
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Introduction 

Organic solar cells (OSCs) have been invented as a cost-effective solar energy conversion 

platform. Compared with traditional silicon-based solar cells, OSCs possess unique 

advantages, such as flexibility, lightweight, semitransparency and simple solution 

processing.1-3 Fullerene derivatives have been the widely used electron acceptors in the past 

two decades, and fullerene-based OSCs have achieved power conversion efficiencies (PCEs) 

over 11%.4-6 However, fullerene acceptors suffer from some drawbacks, such as limited 

chemical and electronic tunability, weak absorption in the visible and near-infrared (NIR) 

region and poor morphological stability, which imposes constraints on the further 

development of this field. In contrast, nonfullerene acceptors offer the possibility of 

addressing these deficiencies of fullerene acceptors.7-9 Recently, the development of 

nonfullerene acceptors has become a major focus of research.10-34 The conception and 

development of a class of nonfullerene acceptors termed “fused-ring electron acceptor 

(FREA)”,17-27 particularly invention of the benchmark molecule ITIC,17 is advancing the 

OSCs field to a new level; now this field is shifting from fullerene to nonfullerene era.  

Ternary blend strategy has been used to improve performance of the OSCs via absorption 

complementarity and energy-level modulation.35-46 For example, polymer donor/small 

molecule donor/PCBM ternary systems have been investigated, where introduction of small 

molecule donor into polymer/PCBM binary blend can tune the molecular orientation,39 

decrease π−π stacking distance and increase coherence length.38 However, these 

fullerene-based ternary systems showed limited PCEs (generally < 12%) due to the weak 

absorption of PCBM.38-41 
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Here, we report the first example of ternary OSCs based on polymer donor/small molecule 

donor/nonfullerene acceptor, which exhibit a champion PCE >13% and high tolerance to 

thickness variation (PCE >12% in the range of 80-200 nm), and the first transient absorption 

study of a nonfullerene ternary blend. We previously reported a NIR-absorbing nonfullerene 

acceptor FOIC (Fig. 1a),47 which exhibited a high PCE of 12%, when blended with a widely 

used narrow-bandgap polymer donor, PTB7-Th.48 To enhance performance of this binary 

blend, a mid-bandgap small molecule donor TR49 was introduced as a third component based 

on the following considerations: 1) Both TR and PTB7-Th consist of 

alkylthio-thienyl-substituted benzo[1,2-b:4,5-b′]unit, which enables good compatibility when 

blended with each other. 2) Absorption spectrum of TR exhibits hypsochromic shift relative to 

that of PTB7-Th (Fig. 1b), which leads to panchromatic absorption of the blend. 3) The 

HOMO levels of donors TR and PTB7-Th are nearly aligned (Fig. 1c), ensuring that holes 

should be able to move freely between these materials without morphological trapping 

induced by the third component. 4) TR has high crystallinity and hole mobility (3.2 × 10−3 

cm2 V−1 s−1),49 which could enhance order and hole mobility of PTB7-Th via tuning the 

morphology of blended film. With this high-performance ternary system, we found that the 

third component TR plays an important role in modulating absorption profile and energy 

levels, enhancing molecular packing and hole mobility of the donor, and promoting energy 

transfer and charge generation. Transient absorption spectroscopy confirms the importance of 

long-range resonant energy transfer from donor to acceptor phases. 

 

Fig. 1 
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Results and discussion 

Inverted devices with indium tin oxide (ITO)/ZnO/donor:FOIC/MoOx/Ag were 

fabricated. The optimized PTB7-Th/FOIC weight ratio was 1:1.5,47 the optimized additive 

diphenyl ether (DPE) content 0.5% (v/v) (Table S1, ESI†), and the optimized TR weight ratio 

25% with respect to the donors (w/w) (Table S2, ESI†). The open-circuit voltage (VOC) of 

OSCs increases from 0.722 V to 0.748 V as the TR weight ratio increases from 0 to 60% (Fig. 

S1, ESI†). The short-circuit current density (JSC) and fill factor (FF) first increase then 

decrease as the TR weight ratio increases from 0 to 100%. When the TR weight ratio is 25%, 

the ternary devices yield the best PCE of 13.1%, with VOC of 0.734 V, JSC of 25.1 mA cm–2 

and FF of 70.9% (Fig. 2a). After fabricating optimized ternary devices with active layer 

thickness from 80-300 nm (Table S3, ESI†), PCEs ≥ 12% were found with thickness varying 

from 80 to 200 nm, and PCE = 10.8% with 300 nm thickness. This high tolerance to thickness 

variation indicates the promise of this ternary system for large-scale roll-to-roll printing. 

The external quantum efficiency (EQE) spectra of the optimized devices are shown in Fig. 

2b. PTB7-Th/FOIC binary blends exhibit higher EQEs in 450-900 nm, but weaker 

photoresponse below 450 nm. When incorporating TR, the ternary blends PTB7-Th/TR/FOIC 

exhibit enhanced EQE in 300-550 nm, but decreased photoresponse in 700-950 nm (Fig. S1b, 

ESI†). With increasing TR weight ratio, the absorption of blended film is enhanced in ＜550 

nm region (Fig. S1c, ESI†), while decreased in 700-950 nm, which accounts for the trend in 

EQE. The JSC values of the binary and ternary devices calculated from integration of the EQE 

spectra with the AM 1.5G reference spectrum are in good agreement with JSC values 

measured from J–V (the error is < 5%, Table S2, ESI†). 
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Fig. 2 

In order to understand the exciton generation, dissociation and charge extraction, we 

measured the photocurrent density (Jph) versus the effective voltage (Veff) of the OSCs (Fig. 

S2a, ESI†). JSC/Jsat (saturation photocurrent density) characterizes the charge extraction under 

short-circuit condition. The JSC/Jsat of optimized OSCs based on PTB7-Th/FOIC and 

PTB7-Th/TR/FOIC is 95.8% and 98.5%, respectively, indicating that the addition of TR in 

the ternary device further increases the charge dissociation and collection efficiency close to 

unity. Charge recombination was studied via measuring JSC versus light density (P) (Fig. S2b, 

ESI†). The relationship between JSC and P can be described as JSC∝Pα.50 The α values of 

PTB7-Th/FOIC and PTB7-Th/TR/FOIC-based OSCs are 0.96 and 0.97, respectively, 

suggesting negligible bimolecular charge recombination in both binary and ternary OSCs at 

short-circuit. 

The SCLC method was used to measure the hole and electron mobilities of the blended 

films (Fig. S3, ESI†). The optimized ternary blend PTB7-Th/TR/FOIC exhibits a higher hole 

mobility (6.8 × 10–4 cm2 V–1 s–1) than PTB7-Th/FOIC (4.0 × 10–4 cm2 V–1 s–1) and TR/FOIC 

(3.4 × 10–4 cm2 V–1 s–1) parent binary blends. The electron mobility of PTB7-Th/TR/FOIC 

(5.3 × 10–4 cm2 V–1 s–1) is slightly higher that of PTB7-Th/FOIC (4.8 × 10–4 cm2 V–1 s–1) but 

much higher than that of TR/FOIC (2.8  10–5 cm2 V–1 s–1) (Table S4, ESI†). The higher 

charge mobilities are beneficial to the higher JSC and higher FF of the ternary devices. 

We used atomic force microscopy (AFM) to characterize the surface morphology of the 

binary and ternary blends (Fig. S4, ESI†). The root-mean-square (RMS) roughness of 

PTB7-Th/FOIC blend (3.52 nm) and TR/FOIC blend (2.83 nm) are larger than that of 
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PTB7-Th/TR/FOIC (1.41 nm) ternary blend. Grazing-incidence wide-angle X-ray scattering 

(GIWAXS) measurements were carried out to probe the molecular packing information of 

these thin films.51 As shown in Fig. 3, the peaks located at 0.28 and 0.84 Å-1 arise from the 

lamellar packing of PTB7-Th (the corresponding scattering of the neat films is shown in Fig. 

S5, ESI†). The peaks with q = 0.43, 0.86 and 1.29 Å-1 originate from the lamellar packing of 

FOIC. The lamellar packing peaks of TR are shown at q = 0.31, 0.62 and 0.93 Å-1. The π-π 

stacking peaks of PTB7-Th, TR and FOIC are located at 1.58, 1.71 and 1.82 Å-1, respectively. 

In Fig. 3, the lack of (010) peak (q = 1.58 Å-1, Fig. S5, ESI†) of PTB7-Th both in 

PTB7-Th/TR and PTB7-Th/TR/FOIC blends proves two donors are totally miscible together. 

In the meantime, the (100) peak of PTB7-Th (q = 0.27 Å-1) is sharper and coherence length 

increases from 5.0 to 7.5 nm, indicating that TR enhances the molecular packing of PTB7-Th, 

consistent with the increased hole mobility (Fig. S3a, ESI†).  

Fig. 3 

Furthermore, resonant soft X-ray scattering (R-SoXS) was employed to characterize the 

phase separation of the blend films (Fig. 4).52, 53 A photon energy of 284.2 eV was selected to 

maximize the materials contrast. The log-normal distributions exhibit a characteristic mode 

length scale ξmode = 2π/qmode. The mode domain size is half of ξmode. Both PTB7-Th/FOIC and 

TR/FOIC show two scattering peaks. The peaks at ~ 0.2 nm-1 originate from the surface 

roughness, which is confirmed by the scattering profiles at 270 eV (Fig. S6, ESI†). A large 

phase separation is observed in TR/FOIC blend film with the mode domain size of 97 nm, 

which is attributed to the high crystallinity of TR. Such large domain size limits the exciton 

dissociation, as confirmed in the photophysical measurements below. The mode domain size 
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of PTB7-Th/FOIC is calculated to be 38 nm. The scattering profile of ternary system is 

similar to that of PTB7-Th/FOIC binary blend, also indicating good miscibility of PTB7-Th 

and TR.  

Fig. 4 

The absorption spectrum of the PTB7-Th/TR/FOIC blend comprises contributions from 

each component (Fig. S7, ESI†), but linear decomposition of a binary PTB7-Th/TR blend 

absorption spectrum reveals that the presence of TR also strongly alters the PTB7-Th based 

spectrum. This spectral perturbation is also seen in photoluminescence (PL) spectra (Fig. S8, 

ESI†). In the PTB7-Th/TR blend, TR enhances the redder PL from PTB7-Th, but the PL peak 

from TR (expected ca. 715 nm) completely disappears, confirming that it is fully miscible 

with PTB7-Th. 

Transient absorption (TA) spectroscopy for binary blends confirm that TR interacts 

strongly with PTB7-Th, but not with the FOIC acceptor. Upon exciting the PTB7-Th/TR 

blend at 500 nm, where both components absorb, sub-picosecond energy transfer occurs from 

TR to PTB7-Th, and the remaining spectrum of PTB7-Th excitons differs when TR is present 

(Fig. S9, ESI†). Moreover, the presence of TR decreases the exciton diffusion coefficient 

from 7.8 × 10-3 cm2 s-1 to 3.7 × 10-3 cm2 s-1, as ascertained by fluence dependent exciton 

annihilation measurements (Fig. S10, ESI†). The decreased diffusion coefficient in PTB7-Th 

is not expected to reduce the charge yield or hamper device performance in this case, since 

excitons are rapidly transferred to the FOIC phase (below). The underlying reasons for the 

decreased diffusion coefficient are beyond the scope of this study, perhaps relating to reduced 

spectral overlap for resonant energy transfer, or to film morphology. In the FOIC/TR binary 
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blend (Fig. S11, ESI†), the unperturbed and near-complete decay of the FOIC exciton signal 

(neat materials in Fig. S12, ESI†) and minimal remaining charge-based absorption confirms 

the R-SoXS finding that TR is not miscible with the FOIC phase. 

TA spectroscopy was undertaken in the optimized ternary blend film to resolve the effect 

of TR on charge generation and recombination. The spectral series in Fig. 5a after 500 nm 

excitation reveals signatures of excitons in each phase on early timescales. In accordance with 

spectra of the neat materials, FOIC excitons feature a photoinduced absorption (PIA) peak at 

1.3 eV (Fig. S12a, ESI†) and PTB7-Th excitons are responsible for the PIA tail around 0.9 eV 

(Fig. S9, also ref. 54, along with the PTB7-Th/TR blend in Fig. S9, ESI†). TR-based exciton 

features (broad PIA around 1.1 eV, Fig. S12b, ESI†) are not clearly identifiable and may 

make a minor contribution on the sub-picosecond timescale, as per the binary PTB7-Th/TR 

blend. The absence of TR excitons beyond this ultrafast timescale confirms that TR is 

strongly intermixed with PTB7-Th, which is consistent with the GIWAXS data. The TA 

spectrum remaining on the nanosecond timescale in the optimized ternary blend can be 

attributed to charge pairs, retaining ground state bleach peaks from FOIC and PTB7-Th, 

complemented by charge-based photoinduced absorption from holes occupying PTB7-Th 

around 1100 nm54 and electrons occupying FOIC presumed to account for the shoulder 

around 950 nm. This assignment is consistent with the TA spectra of binary blends shown in 

Fig. S11. It is not possible to ascertain whether holes are also occupying TR in the ternary 

blend due to overlapping spectra with PTB7-Th. 

Exciton-to-charge conversion dynamics for the optimized ternary blend and the 

PTB7-Th/FOIC binary blend are compared in Fig. 5b and 5c, with 500 nm and 800 nm 
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excitation, respectively exciting the donor and acceptor phases. These plots are obtained via a 

bilinear decomposition of the TA surfaces using spectral masks of excitons and charges from 

the relevant neat and binary reference films (Fig. S11, S12, ESI†). Fig. 5b shows that, upon 

exciting the donor phase, PTB7-Th-based excitons are mostly quenched on the 

sub-picosecond timescale, but charges are formed on a slower ~10 picosecond timescale 

associated with the decay of FOIC excitons. The charge population peaks around 50 ps, 

beyond which non-geminate charge recombination sets in at the excitation densities used 

(confirmed via fluence dependent decay). The species-dependent kinetics confirm the 

importance of resonant energy transfer from donor to acceptor phases, as expected from 

absorption and PL spectra. The short lifetime of PTB7-Th-based excitons within pure phases 

exceeding 10 nm dimensions suggests that energy transfer operates over a long range. Similar 

dynamics are observed when exciting only the FOIC phase at 800 nm (Fig. 5c), but without 

the early contribution of PTB7-Th-based excitons and energy transfer (full spectral series in 

Fig. S13, ESI†). The low fraction of prompt charge generation with 500 nm excitation, and 

the lack of prompt charge generation with 800 nm excitation, confirms the high phase purity. 

The spectral dynamics are remarkably similar for both PTB7-Th/TR/FOIC and 

PTB7-Th/FOIC blends. This similarity is expected based on the identical EQEs found at these 

excitation wavelengths (Fig. 2), and can be justified based on the slower exciton diffusion in 

PTB7-Th/TR/FOIC (Fig. S10, ESI†) being compensated by its enhanced red PL for resonant 

energy transfer into FOIC (Fig. S8, ESI†). 

Fig. 5 

Conclusions 
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In summary, we used mid-bandgap small molecule donor TR as a third component to 

fabricate ternary nonfullerene OSC devices based on narrow-bandgap polymer donor 

PTB7-Th and narrow-bandgap nonfullerene acceptor FOIC. When the TR weight ratio is 25% 

with respect to the donor component, the devices yield the best PCE of 13.1%, higher than the 

reference binary OSCs (12.1%). GIWAXS, R-SoXS and photophysics results confirm that TR 

is fully miscible with PTB7-Th but not miscible with FOIC. TR substantially alters the energy 

levels of PTB7-Th (as seen from the perturbed absorption and PL spectra), leading to higher 

VOC in the ternary-blend OSCs relative to its binary counterpart. Both blends are found to 

benefit from rapid long-range resonant energy transfer from the electron donor (PTB7-Th) to 

electron acceptor (FOIC) phases. Enhanced stacking of PTB7-Th induced by high 

crystallinity of TR leads to increased hole mobility, which is beneficial to higher FF in the 

ternary blend. 
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Fig. 1 a) Chemical structures, b) thin-film absorption spectra, and c) energy levels of 
PTB7-Th, FOIC and TR.  
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Fig. 2 (a) J–V characteristics and (b) EQE spectra of the best OSCs under illumination of an 

AM 1.5 G at 100 mW cm–2.  
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Fig. 3 GIWAXS 2D patterns (a) and 1D line-cuts (b) for optimized PTB7-Th/FOIC, TR/FOIC, 
PTB7-Th/TR/FOIC and PTB7-Th/TR blend films. 
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Fig. 4 R-SoXS profiles of optimized PTB7-Th/FOIC, TR/FOIC and PTB7-Th/TR/FOIC 

blend films.  
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Fig. 5 (a) Series of transient absorption spectra for an optimized PTB7-Th/TR/FOIC ternary 

blend film after excitation at 500 nm (0.9 μJ cm-2), transient absorption kinetics of excitons 

and charges in the ternary (PTB7-Th/TR/FOIC) and the binary (PTB7-Th/FOIC) blends, 

excited at (b) 500 nm with pump fluences of 0.9 μJ cm-2 and 0.8 μJ cm-2, respectively and (c) 

800 nm with pump fluences of 0.7 μJ cm-2 and 0.6 μJ cm-2, respectively. 
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Graphical contents entry 

Polymer donor/small molecule donor/nonfullerene acceptor ternary organic solar cells afford 

efficiency of 13.1%, higher than that of the binary blend (12.1%). Transient absorption 

spectroscopy confirms the importance of long-range resonant energy transfer from donor to 

acceptor phases. 
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