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Abstract 

Solution-processed small molecule (SM) solar cells have the prospect to outperform their 

polymer-fullerene counterparts. Considering that both SM donors/acceptors absorb in visible 
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spectral range, higher expected photocurrents should in principle translate into higher power 

conversion efficiencies (PCEs). However, limited bulk-heterojunction (BHJ) mobility (<10-4 cm2 

V-1 s-1) and carrier lifetimes (< 1 µs) often impose active layer thickness constraints on BHJ devices 

(~100 nm), limiting external quantum efficiencies (EQEs) and photocurrent, and making large-

scale processing techniques particularly challenging. In this report, we show that ternary BHJs 

composed of the SM donor DR3TBDTT (DR3), the SM acceptor ICC6 and the fullerene acceptor 

PC71BM, can be used to achieve SM-based ternary BHJ solar cells with active layer thicknesses 

>200 nm and PCEs nearing 11%. Our examinations show that these remarkable figures are the 

result of (i) significantly improved electron mobility (8.2 × 10-4 cm2 V-1 s-1), (ii) longer carrier 

lifetimes (2.4 µs), and (iii) reduced geminate recombination within BHJ active layers to which 

PC71BM has been added as ternary component. Optically thick (up to ca. 500 nm) devices are 

shown to maintain PCEs >8%, and optimized DR3:ICC6:PC71BM solar cells demonstrate long-

term shelf stability (dark) for >1000 hrs, in 55%-humidity air environment. 

1. Introduction 

Solution-processable “All-Small-Molecule” (All-SM) BHJ solar cells consisting of a SM 

donor and a “nonfullerene” SM acceptor counterpart are currently attracting significant attention[1] 

for their prospects as alternatives to the more extensively studied polymer-fullerene BHJ solar 

cells. While polymer-based BHJ solar cells have been shown to reach PCEs >10%,[2] the synthesis 

of  -conjugated polymers with specific optical gaps and little-to-no batch-to-batch variation 

remains a practical limitation in the scaling-up of high-efficiency polymer-fullerene BHJ devices.[3] 
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In parallel, the narrow spectral absorption of fullerene acceptors (e.g. [6,6]-phenyl-C61 (or C71)-

butyric acid methyl ester, namely PC61BM and PC71BM) falling in the short-wavelengths region 

(ca. 300-450 nm) inherently limits photonic absorption since most of the photon flux occurs in the 

visible range of the solar spectrum (>450 nm). In contrast, All-SM BHJ solar cells can involve two 

visible absorbers – i.e. -extended SM donor and SM acceptor – thus, All-SM devices could in 

principle produce higher photocurrents and outperform their polymer-fullerene BHJ 

counterparts.[1g, 4] SM systems are well-defined, monodispersed (in size and molecular weight), 

and scalable with batch-to-batch consistency. “Nonfullerene” SM acceptors add the benefit of 

being synthetically accessible in controlled purities, while these may also be readily produced on 

large scales. Nevertheless, reaching high PCE values with the All-SM device approach has 

remained challenging thus far, mainly because of (i) the morphological limitations that prevail in 

the absence of polymer (e.g. lack of control over domain sizes, crystallinity, amongst other 

important aspects) and (ii) the difficulty to raise and balance out carrier mobilities across the active 

layer.[3a, 4b, 5] With the use of processing additives[6] or post-processing solvent vapor annealing 

(SVA) techniques,[1c, 1f, 7] several recent reports have however shown that higher PCEs, rivaling 

those of polymer-fullerene BHJ solar cells (and beyond), can be in reach.[3a, 7a, 7c] All-SM solar 

cells must concurrently involve a suitable combination of SM donor and acceptor materials, 

addressing spectral complementarity and energy band-edge alignments.[8] 

If two-component (i.e. “binary”) BHJ solar cells have received more consideration for their 

ease of optimization, some recent studies have stressed the benefits of three-component (i.e. 
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“ternary”) BHJ solar cells.[9] Some of the benefits described have included (i) complementary 

absorption profiles, (ii) efficient charge separation, and (iii) suppressed bimolecular recombination. 

Thus, several ternary polymer-based BHJ devices have been reported to outperform binary devices, 

reaching PCE values as high as 12%.[10] Nonetheless, simultaneously improving the short-circuit 

current (JSC) and fill-factor (FF) of ternary BHJ solar cells is a difficult task because, in addition 

to the requirements for optical and electronic property matching, the three components must blend 

and form finely-mixed donor-acceptor networks with appropriate phase-separation lengthscales 

(ideally in the range of 10-30 nm). Meanwhile, polymer mixing in ternary blends with two polymer 

donor components tends to be an energetically unfavorable process due to the lack of entropic 

driving force and molecular interactions between polymer chains of distinct molecular 

structures.[11] For these reasons, only a few instances of ternary solar cells have been shown to 

outperform their binary analogues.[9b, 9d, 12] Very recently, an All-SM ternary system has been 

reported that adopted the concept of combining a SM donor, SM acceptor, and PC71BM, 

demonstrating high device efficiency with low bimolecular recombination loss.[12b] However, to 

develop more efficient ternary systems, which circumvent the aforementioned drawbacks 

encountered when using polymers, a better understanding of the efficiency-limiting processes of 

All-SM-based ternary systems is required, which can aid a more directed material and device 

design.  

In this report, we show that solution-processable SM solar cells made from the SM donor 

DR3TBDTT (DR3)[13], the SM acceptor ICC6, and the fullerene acceptor PC71BM used as ternary 
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constituent (Figure 1a), see their efficiency increased drastically from ca. 2% to figures as high as 

10.8% when the active layer is subjected to a suitable post-processing SVA treatment. The 

DR3:ICC6:PC71BM ternary BHJ devices – combining a high JSC of 16.8 mA cm-2 and FFs as 

high as 74% – outperform their binary BHJ device counterparts made with the DR3:ICC6 and 

DR3:PC71BM blend systems. The spectral complementarity of DR3 (low-bandgap SM donor), 

ICC6 (absorbing into the near-IR) and that of the ternary component PC71BM (absorbing into the 

UV and short-wavelength visible region) induce a continuum of absorption from 350-750 nm 

(Figure 1b and 1c; thin films). Our systematic device characterizations show that SVA protocols 

via the low-partial pressure solvent dimethyl disulfide (DMDS) sets a favorable ternary blend 

morphology vertically (analyzed by dynamic secondary ion mass spectrometry (D-SIMS)) and 

laterally (analyzed by electron energy-loss spectroscopy (EELS); domain sizes < 30 nm), with 

“optimum” active layer thicknesses of ca. 210 nm, and PCEs >8% being retained for thicker BHJ 

solar cells (250-500 nm). Light-intensity dependence measurements indicate that the ternary BHJ 

solar cells are nearly free of bimolecular recombination, and other concurrent analyses (time-

delayed collection field (TDCF) and space charge limited current (SCLC) measurements) link 

improved device efficiencies in ternary blends to higher electron mobility (8.2 × 10-4 cm2 V-1 s-1), 

longer carrier lifetime (2.4 µs) and reduced geminate recombination patterns when compared with 

their binary BHJ solar cell counterparts. Optically thick (up to ca. 500 nm) devices are  
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Figure 1. (a) Molecular structures of the SM donor DR3, the SM acceptor ICC6 and the fullerene 

acceptor PC71BM. (b) Solar irradiation spectrum (AM1.5 Global). (c) Normalized thin-film UV-

vis absorption spectra of the neat constituents DR3, ICC6 and PC71BM. (d) PESA-estimated 

ionization potential (IP) and electron affinity (EA) for DR3, ICC6 and PC71BM. EA values 

inferred by subtracting IP and Eopt values (optical bandgaps estimated from the onset of the UV-

vis absorption spectra (films)). 

shown to maintain PCEs >8%, and optimized DR3:ICC6:PC71BM solar cells demonstrate long-

term stability for >1000 hrs, in 55%-humidity air environment. 

2. Results and Disscusion 

2.1. Material Properties 
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The normalized thin-film UV-Vis absorption spectra of the neat DR3, ICC6 and PC71BM 

components are superimposed in Figure 1c (molecular structures shown in Fig. 1a). The presence 

of distinct vibronic peaks with different relative peak intensities in the thin-film spectra suggest 

that both DR3 and ICC6 are prone to aggregate.[14] The pronounced absorption band in the UV-

Vis spectrum of DR3 ranges from ca. 500 - 650 nm, thus complementing well the spectral 

footprints of the acceptor components ICC6 (main absorption: 600-730 nm) and PC71BM (main 

absorption: 350-550 nm); also see the thin-film UV-vis spectra of the blends in Figure S1. Figure 

1d gives a schematic representation of the energy level diagram (band-edges) expected for the neat 

constituents DR3, ICC6 and PC71BM. The optical bandgaps (Eopt) are inferred from the onset of 

the thin-film UV-vis absorption spectra: ca. 1.71 eV for DR3, ca. 1.64 eV for ICC6, and ca. 1.81 

eV for PC71BM. The ionization potentials (IPs) of DR3, ICC6 and PC71BM were determined via 

photoelectron spectroscopy in air (PESA, cf. experimental details in the SI, Figure S2): 5.11 eV 

for DR3, 5.82 eV for ICC6 and 5.91 eV for PC71BM; inferred by subtracting IP and Eopt values, 

the extrapolated electron affinity (EA) values would be 3.4 eV for DR3, 4.18 eV for ICC6 and 4.1 

eV for PC71BM. 

2.2. Device Testing and Characterizations 

Thin-film BHJ solar cells were fabricated with the conventional structure 

ITO/PEDOT:PSS/DR3:ICC6:PC71BM/DPO/Al (device area: 0.1 cm2; ITO: indium tin oxide; 

PEDOT:PSS: poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; DPO: interfacial layer 
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phenyl(2-naphthyl)diphenylphosphine oxide), and tested under simulated AM1.5G sun 

illumination (100 mW/cm2); detailed experimental protocols are provided in the SI. Table 1  

Table 1. PV Performance of the SM Binary and Ternary Blends in Direct BHJ Devices.a 

DR3:ICC6:PC71BM 

Blend Ratio (wt/wt)b 

DMDS 

SVA Time 

(s) 

JSC 

[mA cm-2] 

VOC 

[V] 

FF 

[%] 

Avg. 

PCEc 

[%] 

Max. 

PCE 

[%] 

1:1:0 60d 15.2 0.87 64 8.4 8.7 

1:1:0.4 0 6.9 0.89 34 2.2 2.5 

 60e 16.3 0.87 72 10.4 10.8 

 1200 11.2 0.85 63 6 6.4 

1:1:0.7 60 16.4 0.86 70 10 10.3 

1:1:1 60 16.4 0.85 69 9.7 9.9 

1:1:2 60 14.1 0.81 60 6.9 7.2 

1:0:1 20f 13.2 0.88 72 8.2 8.8 

aAdditional device statistics are provided in the SI (Tables S1-8). bDevices solution-cast from 

chloroform (CF). cAverage values across >10 devices (device area: 0.1 cm2). dOptimized device 

conditions; active layer thickness: 100-110nm. eOptimized device conditions; active layer 

thickness: 200-215nm for all ternary device. fOptimized device conditions; active layer thickness: 

90-100nm. 

summarizes the figures of merit of optimized BHJ devices made from binary and ternary blends 

of DR3, ICC6 and PC71BM, with and without SVA treatment with DMDS; further device statistics 

are provided in the SI (Tables S1–S8). We note that SVA treatments with several low-partial 

pressure solvents such as dichloromethane (DCM), tetrahydrofuran (THF), carbon disulfide (CS2) 

and dimethyl disulfide (DMDS) have been shown to improve the blend morphologies of SM-
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fullerene[7b, 7c, 14a] and All-SM[1c, 1f, 1g, 4b] BHJ solar cells in recent studies and, in turn, device PCEs. 

It is equally important to note, however, that morphological variations induced by solvents can 

also result in reduced performance figures and that the outcome of these tentative optimization 

steps remain SM system-dependent.[4b, 15] 

First, we examined binary BHJ solar cells made with the DR3:ICC6 and DR3:PC71BM blend 

systems. As shown in Table 1, the “optimized” BHJ devices made from the DR3:PC71BM blend 

system (ratio: 1:1; wt/wt) subjected to SVA treatment (via DMDS, for 20s) yielded JSC values of 

13.2 mA cm-2, an open-circuit voltage (VOC) of 0.86 V, and FFs of 72%, resulting in average PCEs 

of 8.2%. For BHJ devices made from the DR3:ICC6 blend system (ratio: 1:1; wt/wt), our SVA 

optimizations (via DMDS, for 60s) led to average PCEs of 8.4%, higher JSC values of 15.2 mA cm-

2, a VOC of 0.85 V and slightly lower FFs of 64%. Here, it is worth noting that PCEs obtained for 

“optimized” DR3:ICC6 were nearly 4 times greater than those for “as-cast” devices which had 

PCEs of 2.2%, significantly lower JSC values of 6.9 mA cm-2, a VOC of 0.89 V, and FFs as low as 

34%. 

In consideration of the relevance of the SM donor DR3 for both ICC6- and PC71BM-based 

binary solar cells, we turned to an examination of the synergistic contributions of the three 

constituents in ternary BHJ devices for which the spectral complementarity of each component 

may be taken advantage of. As shown in Table 1, ternary BHJ solar cells fabricated with the 

DR3:ICC6:PC71BM blend system (ratio: 1:1:1, wt/wt; PCBM=1) and subjected to SVA treatments 

were found to afford JSC values as high as 16.5 mA cm-2, a VOC of 0.85 V comparable to that of the 
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binary devices, and FFs of 67%. From there, further optimizations were undertaken by varying 

the weight ratio of the DR3:ICC6:PC71BM blend system, until trends emerged on  

 

Figure 2. (a) Characteristic J-V curves, (b) EQE spectra, and (c) IQE values for binary and ternary 

BHJ solar cells made with DR3, ICC6 and PC71BM using different D:A:A ratio. (d) Jph vs. Veffective 

for the binary and ternary “optimized” BHJ solar cells (processing conditions detailed in Table 1; 

ac refers to “as-cast” condition); AM1.5G solar illumination (100 mW/cm2). Integrated EQEs are 

in agreement (± 0.8 mA/cm2) with the JSC values reported in Table 1 and Fig. S4. 

the influence of the respective amounts of the three components on the figures of merit of the 

ternary BHJ solar cells. By lowering the proportion of PC71BM with respect to the other two 
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components (ratio: 1:1:0.4; PCBM=0.4), higher FFs of 72% could be obtained for the ternary 

device, while maintaining comparably high JSC and VOC values. As a result, Table 1 shows that 

PCEs can be raised to 10.8% (avg. 10.4%; 11% on 0.01 cm2 device areas, see Fig. S25). With 

prolonged SVA treatment, these ternary devices (at “optimized” composition) showed an apparent 

decrease in JSC (11.3 mA cm-2) and FF (63%), leading to markedly lower PCEs of 6.4%; those 

effects have also been observed in several recent studies.[4b, 16] Current density-voltage (J-V) 

characteristics for the SM binary and ternary BHJ solar cells with various active layer 

compositions are shown in Figure 2a. Comparing the J-V curves of “as-cast” devices and those for 

“optimized” devices via post-processing SVA treatment with DMDS, it is evident that the JSC 

improves significantly upon SVA treatment. The external quantum efficiency (EQE) spectra of the 

optimized binary and ternary BHJ solar cells shown in Figure 2b and S3 confirm the trend observed 

from the J-V curves in Figure 2a. Figure 2b shows that the optimized DR3:ICC6 BHJ device leads 

to EQE values >60% in the wavelength range 480-750 nm, reaching up to 71% at 690 nm. However, 

in the wavelength range 380-480 nm, the EQE is more modest at only 40-60%. On the other hand, 

the optimized DR3:PC71BM BHJ device shows relatively high EQE values of ca. 70% in the range 

350-660 nm, reaching up to 76% at 540 nm. Comparing the two binary solar cells, the 

DR3:PC71BM device absorbs photons and contribute to the photocurrent more effectively than 

the DR3:ICC6 device in the short-wavelength range 350-660 nm. Looking at the ternary device 

(red curve, Fig. 2b and S3), adding PC71BM (PCBM=0.4) to the DR3:ICC6 blend system 

improves the overall EQE by an average of +10% (in percentage points) at the following key 
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wavelengths: 380nm, from 42% to 52%; 560nm, from 66% to 76%. A maximum EQE value of 

80% at 710 nm is attained for the ternary DR3:ICC6:PC71BM solar cells. Here, it is also worth 

noting from Figure S3f that higher proportions of PC71BM (e.g. PCBM=2) can help raise the EQE 

in the short-wavelengths range 350–450 nm, but that a significant, concomitant EQE reduction in 

the longer-wavelengths range 450-760 nm results in lower overall EQE. Higher EQEs for the 

ternary DR3:ICC6:PC71BM solar cells (PCBM=0.4) correlate with larger integrated 

photocurrents (Figure S4), and these are consistent with the JSC values inferred from the J-V curves 

in Figure 2a. The dependence on the effective optical absorption of the active layer is removed in 

comparing the internal quantum efficiency (IQE) spectra of the binary and ternary BHJ solar cells 

shown in Figure 2c and S3; see experimental details in the SI. The IQE spectra parallel the EQE, 

with IQE values >80% across the range 430-720 nm for the binary DR3:ICC6 device, and >90% 

in the range from 380-660 nm for the binary DR3:PC71BM device; the IQE of the “optimized” 

ternary DR3:ICC6:PC71BM solar cell reaches 90% in both the 430-600 nm and the 700-750 nm 

wavelengths ranges. The IQE for the “optimized” ternary BHJ system (D:A:A=1:1:0.4) averages 

ca. 92% across the 390-750 nm region, in agreement with IQEs estimated from the experimental 

JSC divided by the maximum theoretical JSC calculated by transfer matrix (Table S9) – an 

observation confirming the accuracy of our optical simulations. Overall, these IQE patterns 

suggest that most absorbed photons are conducive to free carrier generation and effective 

collection at the electrodes for these binary and PC71BM-containing ternary BHJ devices (yet, 

with some observable losses in the short-wavelength range).  



  

13 

      The high EQE/IQE values reached by the ternary BHJ solar cell and the correspondingly high 

FFs suggest that charge collection is particularly efficient. To probe and confirm this hypothesis, 

we analyzed the evolution of photocurrent density (Jph) with effective voltage (Veff) for the 

optimized BHJ devices; results shown in Figure 2d and S5. Here, Jph is defined as: Jph = JL - JD, 

where JL and JD represent the photocurrent densities under light illumination and in the dark, 

respectively. Veff is given by: Veff = V0 - Vapp, where V0 is the compensation voltage when Jph = 0 V, 

and Vapp is the applied voltage. Both binary DR3:ICC6 and DR3:PC71BM devices show non-

field-dependent behavior within the Veff range of 0-8V, suggesting that photogenerated charges in 

the device can be efficiently collected. Turning to the ternary DR3:ICC6:PC71BM system, the 

characteristic photocurrent of optimized BHJ devices (PCBM=0.4) lies above that of the binary 

cells, while the saturation regime is rapidly reached and does not show any field-dependence 

behavior either. However, from Figure S5, it is worth noting that ternary devices with higher 

PC71BM proportions (PCBM=2) show non-negligible field-dependent characteristics across the 

full Veff range (0-8V) – an observation indicative of incomplete charge collection. These results 

suggest that charges can be relatively efficiently separated and extracted in optimized binary and 

ternary BHJ devices, while non-optimized ternary BHJs (e.g. DR3:ICC6:PC71BM=1:1:2; 

PCBM=2) remain hindered by relatively poor extraction. 

While both binary and ternary configurations perform well, the FF and JSC differences 

observed suggest that incident photon-to-current conversion may not be the only important factor, 

and that carrier recombination may represent a non-negligible loss channel. Bimolecular carrier 
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recombination can be characterized via light-intensity dependence measurements, examining JSC 

inferred from J-V curves as a function of light intensity (Fig. S6-8). In those experiments, a white-

light LED (200 mW/cm2; spectral mismatch accounted for; cf. experimental details in the 

 

Figure 3. (a) JSC vs. light intensity, (b) VOC vs. light intensity, and (c) charge carrier lifetime τ vs. 

charge density; carrier densities determined from charge-extraction (CE) measurements (cf. details 

in the SI). (d) Non-geminate recombination rate constant krec, extracted from τ and charge density, 

as a function of n. (e-g) J−V characteristics (left scale) compared to the total charge Qtot measured 

by TDCF using a fluence of 0.1 μJ cm-2 at varying pre-biases (right scale) for DR3:ICC6:PC71BM 

devices with a D:A:A ratio of (e) 1:1:0, (f) 1:1:0.4, and (g) 1:0:1. Qtot is scaled to match the current 

under illumination at a bias of −1 V; arrows show geminate and non-geminate losses at short-

circuit and at the maximum power point (see Table S11 for the assignment of the arrows and the 

corresponding loss currents). (h) Normalized Qtot vs. V; all Qtot data are normalized to the point at 
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-1 V, and the scale on the right provides the corresponding percentage of photogenerated carrier 

loss resulting from geminate recombination at JSC (0 V) relative to that at -1 V. 

SI, section 7) is used to reproduce the JSC values normally obtained under standard AM1.5G solar 

illumination (100 mW/cm2). In general, the relationship between JSC and incident light intensity 

(I) can be described as: JSC ∝ Iα, whereby α = 1 suggests that all dissociated free carriers are swept 

out prior to recombination and α < 1 implies a dependence of JSC on bimolecular recombination 

(i.e. most carriers are extracted prior to recombining).[17] From the JSC vs. light intensity data 

reported in Figure 3a, the fits yield α values of >0.98 for all binary and ternary BHJ solar cells –

suggesting that none of these devices suffer from a significant extent of bimolecular recombination 

losses under short-circuit conditions. Nevertheless, Figure 3b examining the variation of VOC vs. 

light intensity points to the existence of carrier traps across the active layers; with deviations from 

the linear relationship 𝛿�VOC = nkT/q ln(I) (trap-free condition) reflecting trap-assisted 

recombination.[17] In the nonfullerene DR3:ICC6 device (PCBM=0), the n value of 1.12 indicates 

that the DR3:ICC6 system does not notably suffer from trap-assisted recombination, whereas trap-

induced recombination occurs to a significant extent in the DR3:PC71BM device (n=1.5). In 

ternary DR3:ICC6:PC71BM solar cells, the incorporation of PC71BM only slightly increases n to 

1.2 for the “optimized” device (PCBM=0.4), but n further increases to 1.41 with higher PC71BM 

proportions (PCBM=2), indicating that trap-induced recombination is intimately linked to the 

presence of PC71BM. These findings imply that the incorporation of PC71BM helps suppress 

bimolecular recombination (relative to the binary DR3:ICC6 blend system), but that it can also 
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induce additional trap-assisted recombination centers, thus pointing to an apparent trade-off. With 

the inclusion of PC71BM, ternary DR3:ICC6:PC71BM devices harvest incident light effectively 

over a broader range of wavelengths, thus generate more photocurrent overall, in agreement with 

the device performance metrics and EQE data summarized in Figure 1 and Table 1. 

Further insights into charge recombination across the BHJ active layers can be inferred from 

transient photovoltage (TPV) measurements (cf. experimental details in the SI, section 7). Carrier 

lifetimes (τ) under open-circuit condition (Figure S8) were extracted from the TPV decay dynamics 

using mono-exponential fits for a wide range of illumination intensities (2-100% of max. LED 

intensity), in consistency with prior studies.[18] Figure S8a shows that the “optimized” ternary 

DR3:ICC6:PC71BM device (PCBM=0.4) exhibits τ values of 2.4 µs at 1 sun –lifetimes that are 

significantly higher than those of the binary device counterparts: 1 µs for the DR3:ICC6 system 

and 1.54 µs for DR3:PC71BM. Here, we note that, in comparing τ values, it is important to estimate 

in parallel the corresponding charge densities. To this end, charge-extraction (CE) measurements 

were performed (on the same devices) at various illumination intensities, and the charge densities 

were obtained from these measurements. Figures 3c and S8b depict the evolution of τ with the 

extent of carrier densities for the optimized binary and ternary BHJ solar cells. For a wide range 

of light intensities, the “optimized” ternary DR3:ICC6:PC71BM solar cell (PCBM=0.4, red square) 

exhibits longer lifetimes for all charge density values, and higher charge densities overall 

compared to the binary DR3:ICC6 and DR3:PC71BM devices. These findings may stem from 

more efficient exciton dissociation, as described in prior studies.[18b] The longer τ and higher charge 
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densities for the optimized ternary BHJ device compared to the binary devices could also reflect 

lower carrier recombination rates. The non-geminate recombination rate constants krec were then 

inferred from the lifetime values and carrier densities according to krec=1/[(λ+1)nτ],[18b] where λ is 

the recombination order determined from the analyses presented in Figure 3c. As shown in Figure 

3d, all the BHJ systems fall within the low krec range of 3-9 × 10-12 cm3 s-1 at all given charge 

densities, but the krec for “optimized” ternary DR3:ICC6:PC71BM solar cells (PCBM=0.4) are 

shown to be the lowest of all device conditions. Overall, these results and empirical observations 

suggest that non-geminate recombination losses occur to a negligible extent for both binary and 

ternary BHJ solar cells, but the longer carrier lifetimes for the ternary DR3:ICC6:PC71BM cells 

can be expected to favor charge extraction, thus raising the FF and JSC of the corresponding solar 

cells, as seen in Table 1. 

Apart from to the non-geminate recombination loss channel discussed above, geminate losses, 

the efficiency of exciton quenching, and dissociation at the donor-acceptor interfaces between SM 

donor- and SM acceptor-rich domains can also notably influence the FF and JSC in the binary and 

ternary blend systems. To probe these characteristics, we turned to an examination of the BHJ 

active layers in a set of photoluminescence (PL) quenching experiments. Since the visible 

absorption and PL spectra of the SM donor DR3 and the nonfullerene SM acceptor ICC6 lie in 

regions of distinct wavelengths (Figure S9), the donor and acceptor components can be selectively 

excited at different wavelengths (Fig. S9 and Table S10; 590 nm and 700 nm, respectively). As 

illustrated in Figure S9, considering the excitation of the DR3-rich domains, the PL quenching 
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efficiencies of the binary BHJ active layers in the presence of the nonfullerene SM acceptor ICC6 

or the fullerene PC71BM are >95% and >92%, respectively; in the ternary BHJ involving both 

ICC6 and PC71BM the quenching efficiencies are even higher: >98%. Probing the SM acceptor-

rich domains, the PL quenching efficiencies of the binary DR3:ICC6 and DR3:PC71BM systems 

remain >90%, while that of the ternary blend is >85%. These observations suggest that exciton 

diffusion and charge transfer at the donor-acceptor interfaces occur relatively effectively within 

the SM donor-rich domains, but that these processes are not as effective within SM acceptor-rich 

regions. Here, it is also worth noting that the PL quenching efficiencies drop to 80% as the 

proportion of PC71BM is increased in the ternary DR3:ICC6:PC71BM solar cell (PCBM=2), 

indicating that excessive inclusions of PC71BM within the active layer can be detrimental to 

exciton diffusion and charge transfer within SM acceptor-rich regions. This effect inherent to the 

SM acceptor-rich domains may originate from the apparent energy level offsets between ICC6 

and PC71BM (Figure 1d), given that the PL quenching efficiencies within DR3-rich domains 

remain >95%. In turn, the PL quenching experiments indicate that, in general, the binary and 

ternary systems are governed by efficient exciton diffusion and charge transfer processes, but that 

the proportion of PC71BM used in the ternary DR3:ICC6:PC71BM blend systems should remain 

under a certain threshold to avoid increasing exciton recombination losses from SM acceptor-rich 

domains in actual BHJ solar cells. 

Based on our prior analyses of the extent of non-geminate recombination in the binary and 

ternary solar cells, the FF differences noted when comparing the binary DR3:ICC6 system and 
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its ternary DR3:ICC6:PC71BM counterpart cannot be entirely explained. In fact, charge carrier 

losses may during free carrier generation due to the competition with geminate recombination. 

Time-delayed collection field (TDCF) measurements can probe the field dependence of free carrier 

formation as well as the free carrier recombination dynamics in the device’s photoactive layer. In 

this measurement, a nanosecond laser pulse (excitation wavelength: 532nm) photoexcites the 

device which is kept at different applied voltages (pre-bias, Vpre). After 10 ns delay, a constant 

reverse-collection bias (Vcol) of -4 V is applied to extract all photo-generated charges, which did 

not suffer recombination or were not extracted prior to the application of the collection bias. The 

pulse fluence was varied from 0.03 - 1.73 μJ cm-2 in order to determine the regime, in which non-

geminate recombination of charges is still negligible (i.e. the amount of collected charges linearly 

depends on the fluence; see Figure S10). The integration over the current transient observed during 

the application of Vpre and Vcol yields the total charge (Qtot) that remains in the device as a function 

of the time delay. Figure 3e show the TDCF data of the binary DR3:ICC6 device. Here, field-

dependent charge generation is observed, when Vpre is varied from -1 V to Voc, accounting for a 

current loss of ca. 1.9 mA cm-2 and 3.3 mA cm-2 due to field-dependent geminate recombination 

losses (JGEM) at V=0 and at the maximum power point (VMPP), respectively. Note that the current 

losses are ‘relative’, as we compare the photocurrents with respect to the photocurrent observed at 

-1 V. Figure 3g shows that the field dependence for the binary DR3:PC71BM solar cell is not as 

pronounced between short-circuit and VMPP, suggesting that field-dependent geminate 

recombination losses in the PC71BM-based binary device are not as prominent as they are in the 
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ICC6-based device. Turning to the ternary device shown in Figure 3f, the plot of Qtot closely 

resembles the slope of the J-V curve between JSC and VMPP, and shows a virtually field-independent 

charge generation, thus confirming that ternary BHJ solar cells do not suffer any notable current 

losses by field-dependent geminate recombination (<0.2 mA cm-2, cf. in Table S11 in the SI). To 

quantify the ‘relative geminate current loss’ for all BHJ systems, the Qtot data was normalized to 

the current at -1 V and the relative percentage of geminate losses in each BHJ system was inferred 

with respect to the losses observed at -1 V. As illustrated in Figure 3h, with respect to -1V, 10% of 

the generated charges undergo geminate recombination in the binary DR3:ICC6 device at JSC, 

whereas field-dependent geminate loss at JSC for the binary DR3:PC71BM and ternary 

DR3:ICC6:PC71BM devices are found to be less than 6% and 1% with respect to -1V, respectively. 

Similarly at VMPP, the JGEM losses for the DR3:ICC6, DR3:PC71BM and DR3:ICC6:PC71BM 

blend systems with respect to -1V are 18%, 5% and 1%, correspondingly. In parallel, the non-

geminate current losses (JNONGEM) of all three blend systems increase from <2% of generated 

charges at short circuit (0 V) to >15% at VMPP. The experiments indicate that the non-geminate 

losses rise at VMPP due to the weaker internal electric field of the device reducing the charge 

extraction efficiency. Overall, the TDCF experiments demonstrate that DR3:ICC6 solar cells 

suffer from field-dependent geminate recombination losses when going from short-circuit 

conditions to VMPP, in contrast to what is observed for ternary DR3:ICC6:PC71BM solar cells, 

suggesting that the comparably low FF of ICC6-based binary devices can be attributed to field-

dependent JGEM. In parallel, both the binary and ternary blend systems show very low JNONGEM 
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losses at JSC condition, in agreement with the high α >0.98 (i.e. low bimolecular recombination at 

JSC) discussed earlier from the light-intensity dependence study (Fig. 3a). Meanwhile, increasing 

JNONGEM losses at VMPP (near VOC condition) are observed from both binary and ternary blends, 

which is also in line with the trap-assisted recombination losses described in earlier sections (Fig. 

3b). 

A number of recent studies have emphasized how morphological effects can critically 

influence carrier transport/recombination patterns and, in turn, BHJ solar cell performance.[6f, 6g, 19] 

Likewise, in ternary BHJs, both the lengthscale and the vertical distribution of donor and acceptor 

domains may influence device efficiency; although, here we note that the study of morphology-

performance relationships in small-molecule ternary solar cells remains a complex case study, 

mainly due to the significant challenges of direct imaging in the characterization of multiple-

component domains within the BHJ active layer. Having established fundamental differences in 

the carrier recombination patterns of the ternary DR3:ICC6:PC71BM devices, we now inspect the 

BHJ morphologies and possible correlations between the donor-acceptor network and carrier 

transport/recombination within the ternary active layers, more specifically. 

Figures S13-14 examine the film surface variations by atomic force microscopy (AFM), 

indicating that the “optimized” binary and ternary BHJs contain relatively smooth planes 

characterized by root-mean-square (RMS) roughness values <2.7 nm, while the films subjected to 

SVA treatments extended to 1200s yield slightly higher RMS values of ~4.5 nm. Turning to 

transmission electron microscopy (TEM) techniques, it should be noted that SM acceptor 



  

22 

alternatives to the fullerene PC71BM, such as ICC6, do not typically provide comparable contrast 

in the examination of the phase-separated network between donor and acceptor components. 

Heterogeneities observed by TEM may result from the superposition of domains and from film-

thickness variations and roughness and, therefore, supporting techniques such as a combination of 

chemically sensitive electron energy-loss spectroscopy (EELS) and scanning TEM (STEM) 

(Figure 4a-4j) analyses provide a more complete picture of thin-film morphologies for complex 

systems such as ternary blends.[1g, 20] Figure 4 shows the outcome of our EELS-coupled STEM 

analyses (cf. experimental details in the SI, section 12) and indicates that DR3, ICC6, and 

PC71BM are forming interpenetrating networks on various length scales across the active layer. 

The energy loss spectra pertaining to DR3, ICC6 and to PC71BM (range: 2-35 eV) are shown in 

Figure S15, allowing to distinguish between SM donor, the nonfullerene and the fullerene 

acceptors within the BHJs. In the dark-field STEM mode, our EELS analyses  (Fig. 4 and S16) 

reflect the existence of a relatively “fine-scale” phase-separated network for “optimized” ternary 

blend systems; Green: SM donor-rich (DR3) domains, Red: SM acceptor-rich (ICC6) domains, 

Blue: fullerene-rich (PC71BM) domains (scale bars: 500 nm). As shown in Figure 4i, adding higher 

proportions of PC71BM into the ternary blend increases the density of fullerene-rich domains and, 

as seen in Figure 4j, reduces the density of ICC6-rich domains. 

Here, we note that the densities of DR3-rich domains depicted in Figure 4j remain equivalent 

to that depicted in Figure 4e. These ternary morphologies with distinct PC71BM proportions 
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(PCBM=0.4 and 2) reflect a fine mixing between the SM components within the BHJs (also seen 

in Figures S17-20). 

Observing how donor-acceptor domain distribution and sizes evolve upon extended SVA 

treatment is of parallel, equal interest. As shown in Figures 4k-o, the ternary blend system 

 

Figure 4. Morphology analyses for the ternary DR3:ICC6:PC71BM blend system (thickness: 60 

- 75 nm) with the following ratios: (a-e) 1:1:0.4 (“optimized” 60s SVA condition), (f-j) 1:1:2 (60s 
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SVA treatment), and (k-o) 1:1:0.4, SVA treatment extended to 1200s. (a,f,k) Dark-field STEM 

images of the “optimized” ternary BHJ active layer. (b,g,l) Corresponding EELS maps depicting 

the phase-separation patterns between SM donor-rich (DR3, green) domains, the “nonfullerene” 

SM acceptor-rich domains (ICC6, red), and the fullerene acceptor-rich domains (PC71BM, blue); 

individual EELS maps: (c,h,l) ICC6, (d,I,n) PC71BM, and (e,j,o) DR3 in the ternary BHJs. Scale 

bars: 500 nm. (p) D-SIMS profiles for the “optimized” ternary BHJ active layer (cf. experimental 

details in the SI; active layers cast on PEDOT:PSS-coated Si wafer). (q,r) Transient JSC 

(normalized) in response to a 200 µs white light (LED) pulse for the ternary BHJ solar cells made 

from the following blend ratio: (q) 1:1:0.4 (“optimized” 60s SVA condition) and (r) 1:1:2 (60s 

SVA treatment); the legend in (q) provides the various light intensities (in equivalent sun). The red 

arrows emphasize the dependence of JSC as a function of time (after pulse excitation) and light 

intensities (cf. further experimental details in the SI, section 7). 

subjected to SVA treatment for 1200s shows significantly larger SM donor- and SM acceptor-rich 

domains with, again, a clear phase-separated network, confirming that the solvent-annealing 

protocol effectively impacts the length scale of the donor-acceptor network formed. In this case, 

the SM donor- and acceptor-rich domains attain sizes larger than ca. 100 nm (Figure S21). 

The vertical phase distribution of the donor and acceptor counterparts within the active layer 

is another important morphological parameter that can impact BHJ solar cell performance when 

fullerene acceptors are involved.[21] To examine those effects in the ternary DR3:ICC6:PC71BM 

blend system, we turned to an analysis of the depth profiles of the BHJ thin films via dynamic 
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secondary-ion mass spectrometry (D-SIMS; cf. detailed experimental protocol in the SI, section 

13). Here, we note that, while the sulfur and oxygen elements are common in the SM donor DR3 

and in the SM acceptor ICC6, the CN-group in ICC6 allows for a clear differentiation of the three 

components of the ternary blend. Looking at the BHJ thin films, the trace associated with the CN-

group in Figure 4p indicates an even concentration of ICC6 across the active layer, and the same 

trend is observed by tracing the S-element contents (common to DR3 and ICC6). On the other 

hand, the reduction of the signature of the CN-group and the concomitant increase in S-element 

near the top surface of the active layer reflects a relative reduction in ICC6 content at the cathode 

interface where the donor DR3 accumulates. 

Further insights into morphology-related carrier effects and, in particular, on whether carrier 

traps affect charge transport in BHJ solar cells can be inferred from transient photocurrent (TPC) 

measurements.[22] TPC experiments have previously been used to investigate the trapping and 

detrapping rates in polymer-fullerene,[22] “all-polymer”,[22] “all-SM”[1g] and hybrid BHJ solar 

cells.[23] Figures 4q-r examine the turn-on and turn-off dynamics of ternary BHJs (PCBM=0.4 vs. 

PCBM=2) using long light pulse excitations (200 µs; cf. details in the SI, including Fig. S7), 

allowing the current density to reach the steady-state conditions comparable to those used for the 

light intensity dependence analysis previously discussed (Fig. 3). For the ternary 

DR3:ICC6:PC71BM blend system, the turn-on and turn-off dynamics are fast and varying the 

light intensity results in negligible changes in the current response. At 1 sun condition, the rise/fall 

time (defined as the time taken to go from 10% to 90% of the response) to reach steady states is 
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35 µs for the “optimized” ternary BHJ (PCBM=0.4). Considering ternary BHJs with higher 

PC71BM proportions (PCBM=2), the rise/fall time is >80 µs to reach current steady state (Fig. 4r) 

and the current response shows an apparent transient peak, implying that carrier 

trapping/detrapping effects take place to a non-negligible extent. 

To determine the microstructural composition and degree of ordering of the SM donor- and 

acceptor-rich phases across the BHJ active layers, we turned to a systematic study of the thin films 

by Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS; cf. experimental details in the SI, 

section 13, including Fig. S22-23).[24] As shown in Figure 5a for neat materials, the “as-cast” neat 

DR3 scattering pattern is dominated by alkyl peaks in the “out-of-plane” direction (at qz= 0.34, 

0.68, 1.06 Å-1, Fig. 5a) and a π-π stacking peak in the “in-plane” direction (at qxy= 1.77 Å-1). These 

scattering characteristics reflect an edge-on packing structure with an alkyl distance of 18.5 Å and 

a π-π stacking distance of 3.55 Å. The scattering pattern for the 60s SVA-treated ICC6 counterpart 

displayed in Figure 5b shows an alkyl peak in the “in-plane” direction  (at qxy= 0.36 Å-1, 

corresponding distance= 17.5 Å) and a π-π stacking peak in the “out-of-plane” direction (at qz= 

1.87 Å-1, corresponding distance= 3.36 Å), indicating a distinct face-on packing motif. Knowing 

these intrinsic packing characteristics for each component, we examined the GIWAXS patterns for 

the binary blend systems, both qualitatively and quantitatively. 

Quantitative analysis starts with normalization by irradiation intensity and irradiated volume  

(length and thickness). Due to the different alkyl stacking distances of DR3 and ICC6, the 

crystallinity (proportional to alkyl peak intensity) and orientation of each material can be tracked 
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separately using background-corrected peak fitting. To compare relative degree of crystallinity  

(rDOC) between different blend ratios, we normalized each peak intensity by the quantity of the 

corresponding material in each film (e.g., divided by ½ in the 1:0:1 device). Further details of our 

data processing methods are given in the SI (section 14). 
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Figure 5. GIWAXS analyses relative to the following neat films and blend systems (given by 

D:A:A ratio): (a) 1:0:0  neat DR3, (b) 0:1:0  neat ICC6, (c) 1:1:0  binary DR3:ICC6 system, 

(d) 1:0:1  binary DR3:PC71BM system, (e) 1:1:0.4   “optimized” ternary 
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DR3:ICC6:PC71BM system, and (f) 1:1:1   ternary DR3:ICC6:PC71BM system. (g) Relative 

degree of crystallinity (rDOC) of DR3 and ICC6 in “optimized” binary and ternary BHJs. (h) 

Intensity-weighted average orientation of the alkyl peak for DR3 and ICC6 across neat and blend 

films. Here, 90° is “out-of-plane” (edge-on for alkyl peak) and 0° is “in-plane” (face-on for alkyl 

peak). All samples have been treated by SVA for 60s, except for the neat film of DR3 (a), which 

is “as-cast”. 

In Figure 5c, the optimized DR3:ICC6 (1:1:0) film demonstrates a slight polar angle 

smearing of the π-π stacking and alkyl peaks (edge-on) belonging to DR3, while the face-on 

feature that pertains to ICC6 becomes edge-on, resulting in two distinct alkyl peaks in the out-of-

plane direction. Accordingly, Figure 5h shows that the average orientation of both DR3 and ICC6 

becomes closer to 45° (they are much less oriented) when they are blended together. The 

crystallinity of ICC6 is unchanged upon blending. DR3 becomes about 63% more crystalline 

between the neat material (non SVA-treated) and the 1:1:0 blend (non SVA-treated—not shown), 

and 117% more crystalline between the neat material (non SVA-treated) and the 60s SVA-treated 

1:1:0 blend. Thus, both SVA and blending increase the DR3 crystallinity significantly. For the 

DR3:PC71BM (1:0:1) film (Figure 5d), both DR3 peaks become even more azimuthally smeared, 

indicating a decrease of orientation in the presence of PC71BM (showing a broad peak for q of 1.4 

Å-1). The rDOC of DR3 nearly triples when it is mixed with PC71BM and treated with SVA. Thus, 

mixing with ICC6 or with PC71BM results in DR3 losing orientation and gaining crystallinity, 

with PC71BM having a more dramatic effect. The most likely cause of the increase in crystallinity 
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is low miscibility: DR3 crystallizes more strongly when the alternative is close interaction with 

other materials. 

Based on these observed scattering features, we then turned to the ternary blend system. As 

shown in Figure 5e and 5f, the small molecule scattering peaks have significant isotropic character 

in ternary systems. ICC6 maintains an average orientation of 35-40° and DR3 steadily becomes 

less edge-on with increasing PC71BM concentration. Meanwhile, rDOC of both materials increases 

in the 1:1:0.4 blend but decreases in the 1:1:1 blend. This result hints that a high degree of 

crystallinity may be correlated with device optimization in this system. Higher crystallinity can 

often yield larger charge mobility, and we will show in the next section that mobility is 

correspondingly optimized at 1:1:0.4 (but lower for 1:1:0 and 1:1:1). 

The π-π stacking direction is favorable to charge transport compared to the alkyl stacking 

direction, indicating that a more face-on –oriented film is generally preferable for charge collection 

and higher JSC.[3a, 6f, 7a] Thus, measuring and controlling orientation is important in optimizing BHJ 

solar cells. From our data, neat ICC6 and neat DR3 are primarily face-on and edge-on, respectively, 

but both become more isotropic in the DR3:ICC6 blend system. As PC71BM is added, they 

continue to become more isotropic. Average orientation of both components is near 45° in the 

optimized device. The GIWAXS also shows that the optimal and near-optimal ternary blend ratios 

all contain crystalline regions of each component, although we cannot rule out some intimate 

mixing.  While it is difficult to make a broad generalization of the relationship between JSC and 

orientation in this limited sample set, a couple of observations can be made: (i) that adding other 
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blend components makes both DR3 and ICC6 more isotropic; (ii) that the optimized film does not 

have the preferred face-on orientation, suggesting that there may be the potential to increase JSC 

even further through orientation control. For example, this has been done in the literature through 

sidechain modification.[25]  

While favorable morphologies can be conducive to high device FFs (here >60% in 

“optimized” ternary BHJs with PCBM=0.4 and 2) and JSC values, persistent limitations on charge 

transport and collection (via carrier recombination effects) can hinder further figure of merit 

improvements in BHJ solar cells. To probe carrier transport in the binary and ternary BHJ thin 

films, we turned to SCLC mobility measurements (cf. details in the SI, section 10). Figures S11-

12 shows the dark current density-voltage characteristics (at room temperature) of the BHJ active 

layers in hole-only diodes (ITO/PEDOT:PSS/BHJ/MoO3/Ag) and electron-only diodes 

(ITO/ZnO/BHJ/Ca/Al); detailed carrier mobility data and statistics are provided in Tables S12-13. 

As summarized in Figure 6a, the zero-field hole mobility of the binary DR3:ICC6 blend system 

reaches 2.5 × 10-4 cm2 V-1 s-1, which is nearly one order of magnitude higher than that in the 

fullerene-based DR3:PC71BM blend system (5.3 × 10-5 cm2 V-1 s-1) –an interesting observation 

that stresses the correlated impact of the acceptor counterpart on hole transport through the SM 

donor (DR3)-rich regions, further implying that the acceptor may influence the crystallinity and/or 

re-organization in DR3-rich region within the active layer, in turn affecting the overall hole 

transport properties. 
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Figure 6. (a) Hole (μh) and electron (μe) mobilities estimated by the SCLC model; measurements 

made from hole- and electron-only diodes with the binary and ternary BHJ active layers (data 

obtained for various film thicknesses is provided in Figures S11-12). (b) Superimposed curves of 

experimentally determined device JSC (red, circles) and transfer-matrix simulated JSC (R= 0; black, 

squares) vs. active layer thickness for “optimized” ternary BHJ solar cells (PCBM=0.4). (c) 

Experimentally determined device VOC (green, diamonds), FF (brown, right triangles) and PCE 

(blue, squares) vs. active layer thickness for the “optimized” ternary BHJ devices (PCBM=0.4). 

(d,e,f) Shelf storage lifetime of the “optimized” ternary BHJ devices (PCBM=0.4) stored under N2 

(dark) and in air (average humidity: 55%): (d) PCE and (e) JSC, VOC and FF over a 1,000 h 

experiment. (f) J-V curve of the “optimized” ternary BHJ solar cell for different device areas: here 

comparing data for 0.1 cm2 and 2.1 cm2 devices. 
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Importantly, turning to the “optimized” ternary DR3:ICC6:PC71BM blend system 

(PCBM=0.4), Figure 6a indicates that the hole mobility of the ternary blend rise to 3.5 × 10-4 cm2 

V-1 s-1, a mobility value higher than those of either binary systems.  On the other hand, effective 

electron mobility curves for the optimized binary and ternary BHJ active layers followed Poole-

Frenkel-type mobility fits (electric-field activated) of the form 𝜇(𝐹) = 𝜇0exp�(𝛾𝐹
1/2), where μ0 is 

the zero-field mobility, γ is the Poole-Frenkel slope and F is the electric field. Also summarized in 

Figure 6a, the zero-field electron mobility of the binary DR3:ICC6 and DR3:PC71BM blend 

systems are distinctly different: 1.7 × 10-6 cm2 V-1 s-1 vs. 4.6 × 10-4 cm2 V-1 s-1, respectively–an 

important observation showing that the electron transport characteristics of PC71BM prevail (two 

orders of magnitude higher than that of ICC6). Remarkably, turning to the ternary 

DR3:ICC6:PC71BM blend system (PCBM=0.4), Figure 6a points to a significant rise of the 

electron mobility of the ternary blend from 1.7 × 10-6 cm2 V-1 s-1 (binary DR3:ICC6 system) to 

8.2 × 10-4 cm2 V-1 s-1 (in line with that of the binary DR3:PC71BM blend system), thus nearing the 

key threshold mobility value of 10-3 cm2 V-1 s-1.[7a, 26] Combining high hole and electron mobilities 

consistent with those of the DR3:ICC6 and DR3:PC71BM blend systems, respectively, and a 

balanced hole/electron mobility ratio, the “optimized” ternary BHJ solar cells concurrently show 

high FFs (Table 1) and a favorable morphology (Fig. 4) –characteristics likely intertwined and 

conducive to the high PCEs of ca. 11% achievable with the DR3:ICC6:PC71BM blend system. 

The high FF, the relatively high and balanced hole/electron mobilities, and the low 

recombination losses in the ternary DR3:ICC6:PC71BM blend system are some important 
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qualities that can, in principle, be amenable to the fabrication of thicker (>250 nm), more optically 

absorptive active-layer devices without significantly sacrificing solar cell performance. As stated 

earlier, the ability to produce high-efficiency, thicker active-layer devices is important for large-

scale processing via roll-to-roll printing and blade-coating techniques. Using spectral absorption 

input parameters obtained from transfer matrix modeling (cf. modeling details and methodology 

provided in the SI), our device simulations for the “optimized” ternary DR3:ICC6:PC71BM blend 

system (1:1:0.4) shown in Figure 6b describe the expected JSC variations (black, squares) for BHJ 

devices with varying active layer thicknesses. The experimental JSC (red, circles) follows the trace 

of the simulated currents (black, squares) across the active layer thickness range 50-220nm (Fig. 

6b). Remarkably, Figure 6b indicates that the experimental JSC is on a relatively constant, overall 

rise with increasing device thickness over the range 100-500 nm–a behavior that is not commonly 

seen in other BHJ blend systems, mainly because of the relatively modest (and sometimes 

unbalanced) carrier mobilities. In parallel, Figure 6c shows that the experimental PCEs for devices 

made in the range 40-500 nm increases from ~8% (90-100 nm) to ~11% for optically thick devices 

(205-220 nm), maintaining a high FF >70%. Considering much thicker ternary devices (~500 nm), 

the FFs eventually drop to lower values of ~57% (Fig. 6c), yet the gradually increasing 

experimental JSC reaching ca. 18 mA cm-2 and the constant VOC yield experimental PCEs of ~9% 

(max.; avg. 8.4%). This result is all the more notable given that only a few other blend systems 

(mainly polymer-based BHJ solar cells) have been reported to achieve high PCEs in optically thick 

devices.[2a, 2c, 27] Further, SM-based BHJ solar cells commonly meet their “optimized” active layer 
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condition in 80-100 nm thick devices, yet our findings stress that the “optimized” condition for the 

ternary DR3:ICC6:PC71BM blend system (1:1:0.4) is met for active layer thicknesses >200nm. 

There is no other precedent for an optimized device of this thickness, to the best of our knowledge, 

based on prior published work on fullerene and nonfullerene SM-based BHJ solar cells. 

Other key considerations for the broad applicability and commercialization of SM-based BHJ 

solar modules produced via high-throughput manufacturing techniques are (i) the ability to 

fabricate large-area modules by solution-processing, and (ii) the stability of the device made in air, 

or its resilience to oxidative conditions (e.g. oxygen ingress, etc.).[9d, 28] Figures 6d and 6e describe 

the evolution of the figures of merit of the “optimized” ternary BHJ solar cell fabricated with the 

DR3:ICC6:PC71BM blend system (1:1:0.4) and for which solution-processing and measurements 

were carried out under N2 (glove-box) vs. in air (average humidity: 55%) without further device 

encapsulation. For this stability experiment, multiple active layers were solution-cast, 

subsequently coated with the interfacial layer DPO, and left either in air (ambient conditions, in 

the dark) or under inert atmosphere (N2, glove-box, in the dark). Prior to the J-V measurements, 

an Al electrode was evaporated on top of DPO. The results of this shelf stability experiment 

(without light soaking) summarized in Figures 6d and 6e show that devices stored under N2 

continue to perform with an average PCE of 9.5% over >1000 hours, while devices kept under 

ambient conditions (average humidity: 55%) maintain PCEs >8% beyond 1000 hours. 

To examine the scalability aspects, the “optimized” ternary DR3:ICC6:PC71BM active layer 

was spin-cast onto ITO-coated substrates with notably larger device areas of ~2.1 cm2 (DPO/Al 
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layers were subsequently deposited; glove-box environment and other experimental conditions 

identical to those described for prior examinations; see Table 1 and further details in the SI, section 

3). Figures 6f demonstrates that “optimized” ternary BHJ solar cells fabricated with the 

DR3:ICC6:PC71BM blend system (1:1:0.4) and covering a device area of ~2.1 cm2 also maintain 

high PCEs of up to ca. 9.5% (avg. 8.8%), with JSC and FFs of 15.6 mA cm-2 and 68 %, respectively–

results that confirm the excellent prospects of the DR3:ICC6:PC71BM blend system for large-

scale, high-efficiency BHJ solar modules. 

3. Conclusion 

In summary, we showed that solution-processable, ternary BHJ solar cells with the SM donor 

DR3, the SM acceptor ICC6 and the fullerene acceptor PC71BM can reach PCEs nearing 11% 

(avg. 10.4%; 11% on 0.01 cm2 device areas, see Fig. S25) when active layer thicknesses are 

increased to >200nm. Our systematic device optimizations show that solar cell PCEs rise from ca. 

2.2% (avg.) for “as-cast” devices to ca. 11% (“optimized” condition; thickness: ca. 210 nm) as the 

active layer is subjected to a post-processing SVA treatment with the low-partial-pressure solvent 

DMDS. Importantly, the ternary BHJ solar cells are shown to outperform the binary BHJ device 

counterparts: 8.4% (avg.) for the “all-SM” DR3:ICC6 blend system and 8.2% (avg.) for the 

fullerene-based DR3:PC71BM blend system (thicknesses: ca. 100 nm). While the EQE/IQE 

measurements and the bias sweep analyses indicate that the field-independent BHJ devices benefit 

from high photon-to-current conversion efficiencies, the FF differences observed between binary 

and ternary active layers point to intrinsic differences in the carrier recombination patterns. 
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Detailed examinations of the recombination loss channels via light-intensity dependence 

measurements show that the binary and ternary BHJs do not suffer from notable bimolecular 

recombination at short-circuit, but that trap-induced recombination within the DR3:PC71BM 

blend system and the ternary DR3:ICC6:PC71BM active layers at VOC are non-negligible. 

Comparing ternary and binary blend systems, the TPV and CE analyses indicate that the ternary 

BHJs benefit from longer carrier lifetime of ca. 2.4 µs (vs. 1 and 1.5 µs for the binary counterparts), 

and from rather low non-geminate recombination rate constants. While based on our TDCF 

experiments both binary blend systems suffer from geminate recombination at V0 and VMPP (the 

FF-determining point), the ternary blend system proves to be nearly free of geminate 

recombination (with Qtot showing negligible deviation from the J-V characteristics) and nearly free 

of any field dependence. 

Correlating the BHJ morphologies (deduced from STEM-EELS and D-SIMS analyses) with 

molecular packing analyses (GIWAXS), the addition of PC71BM into the nonfullerene DR3:ICC6 

system at optimum conditions shows a finely-mixed and favorable (domain sizes <30m) 

morphology, with the molecular packing nearly unchanged. The charge transport characteristics of 

the blends through the SCLC mobility estimates further support the high hole/electron mobilities 

(nearing 10-3 cm2 V-1 s-1) and a balanced hole/electron mobility ratio for the DR3:ICC6:PC71BM 

blend system, superior to those of the DR3:ICC6 and DR3:PC71BM blend systems. 

With low geminate and non-geminate recombination, long carrier lifetimes and high/balanced 

carrier mobilities, the ternary DR3:ICC6:PC71BM blend system is amenable to optically-thick 
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BHJ solar cells that maintain PCEs >8% over a wide range of active layer thicknesses within 200-

500 nm. The ability to produce high-efficiency, thicker active-layer devices is paramount for the 

large-scale processing of solar cell modules via roll-to-roll printing and blade-coating techniques. 

Lastly, our findings in this work reveal that adding the third component (here we use PC71BM 

as the second acceptor) to the “All-Small-Molecule” (All-SM) binary systems without changing 

the local packing modes–while inducing trap-assisted recombination–successfully improves the 

charge transport, suppresses the geminate recombination and prolongs the charge carrier lifetime, 

allowing the device PCE to reach 11% with an optically thick film of >200nm. As such, 

nonfullerene ternary All-SM systems can be realized by inserting the second SM acceptor with 

properties of (i) complementary absorption, (ii) higher electron mobility than that of the existing 

SM acceptor, and (iii) leaving the binary molecular packing unchanged. Another implication from 

this work points to the molecule packings: the absence of “face-on” features in ternary systems 

suggests that the charge transport may be further improved via altering the side chains of the SM 

structures, as reported in early literatures related to BDT-core donors. 
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