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Abstract 

The development of small molecule donor/polymer acceptor blend (SD/PA) type organic 

solar cells (OSCs) lags far behind those of other types of OSCs. This is due to the large-size 

phase separation morphology of SD/PA blend films, which results from the high crystallinity 

of small molecule donors. In this manuscript, to suppress crystallinity of small molecule 

donors, we use ternary blends to develop OSCs with one polymer acceptor (P-BNBP-fBT) 

and two small molecule donors (DR3TBDTT and BTR) of similar chemical structures. The 

ternary OSCs exhibits power conversion efficiency of 4.85%, which is higher than those of 

the binary OSCs (PCE=3.60% or 3.86%). To our best knowledge, this is the first report of 

ternary SD/PA-type OSCs and this PCE is the among the highest for SD/PA-type OSCs reported 

so far. Compared with the binary blends, the ternary blend exhibits decreased crystalline size 

and improved face-on orientation of the two small molecule donors. As the result, the ternary 

blend exhibits improved and balanced charge mobility, suppressed charge recombination and 

increased donor/acceptor interfacial areas, which leads to the high JSC and high FF. These 

results suggest that ternary blend is an effective strategy to manipulate active layer 

morphology and enhance photovoltaic performance of SD/PA-type OSCs. 
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1. Introduction 

Bulk-heterojunction organic solar cells (OSCs) use blends of electron donor and electron 

acceptor as the active layer[1, 2]. OSCs are a promising photovoltaic technology with the 

advantages of low cost, light weight and mechanical flexibility. Recently, non-fullerene 

electron acceptors and the corresponding OSC devices have draw particular attention and 

have lead to breakthrough of power conversion efficiency (PCE)[3, 4]. Based on the types of 

electron donor and electron acceptor, OSCs may be classified into four types, including 

polymer donor/polymer acceptor blend (PD/PA), polymer donor/small molecule donor blend 

(PD/SA), small molecule donor/polymer acceptor blend (SD/PA), and small molecule 

donor/small molecule acceptor blend (SD/SA). Among them, the development of SD/PA type 

OSCs (PCE<5%) lags far behind those of the other three types of OSCs (PCE>9%)[5-9]. The 

key reason for the relatively low PCE of SD/PA-type OSCs is the large-size phase separation 

morphology of SD/PA blend films. Small molecule donors are always highly crystalline for 

high hole mobility. However, they tend to form large crystalline domains in the SD/PA blend 

films, which prevents efficient exciton diffusion/dissociation and results in low short-circuit 

current densities (JSC) and low fill factor (FF). It is a great challenge to control crystalline 

domain size of small molecule donors in SD/PA blend to enhance device performance of 

SD/PA-type OSC devices. 

Ternary blend is an effective approach to enhance photovoltaic performance of OSCs. 

Although ternary blend has been widely used in PD/SA-type OSCs and traditional fullerene-

based OSCs, ternary blend has never been reported in SD/PA-type OSCs. In this manuscript, to 

suppress crystallinity of small molecule donors and manipulate SD/PA blend morphology, we 

develop ternary OSCs based on one polymer acceptor and two small molecule donors with 

similar chemical structure. Compared with the binary blend using one small molecule donor, 

the ternary blend film shows not only decreased crystalline size, but also improved face-on 

orientation of the two small molecule donors. As the result, PCE of the OSC devices increases 

Commented [WW1]: Instead of small molecule, I think it is 

better to use molecular donor. 
Most of the ‘small molecule donors’ are not really small molecules in 

the traditional organic chemistry definition of a small molecule. They 

are actually quite large and closer to oligomers than small molecules. 
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from 3.85% to 4.85%. To our best knowledge, it is the first report of ternary blends in SD/PA-

type OSCs and this PCE is among the highest value for SD/PA-type OSCs reported so far. The 

effect of ternary blend on the active layer morphology and the physical process are 

comprehensively investigated. 

2. Results and discussion 

2.1. Optical and electrochemical properties 

Scheme 1 shows the OSC device structure and chemical structures of the two small 

molecule donors, (5Z,5'Z)-5,5'-((5'',5'''''-(4,8-bis(4-(2-ethylhexyl)thiophen-2-yl)  benzo[1,2-

b:4,5-b']dithioph-ene-2,6-diyl)bis(3,3''-dioctyl-[2,2':5',2''-terthiophene]-5'',5-diyl))bis(methany 

lylidene))bis(3-ethyl-2-thioxothiazolidin-4-one) (DR3TBDTT)[10], (5Z,5'Z)-5,5'-((5'',5'''''-(4,8-

bis(4-(2-ethylhexyl)-5-hexylthiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(3',3''-

dihexyl-[2,2':5',2''-terthiophene]-5'',5-diyl))bis(methanylylidene))bis(3-hexyl-2-thioxothiazoli 

din-4-one) (BTR) [11]and the polymer acceptor, poly[7-(3,3'-difluoro-[2,2'-bithiophen]-5-yl)- 

4,4,9,9-tetrafluoro-5,10-bis(2-octyldodecyl)-4,5,9,10-tetrahydro-3a,5,8a,10-tetraaza-4,9-dibor 

apyrene-3a,8a-diium-5,11-diuide] (P-BNBP-fBT)[12]. DR3TBDTT and BTR have the same π-

conjugated backbone but different side chains.[10, 11] As previously reported by our authors, 

both the two molecules exhibit excellent OSC device performance in fullerene acceptor-type 

OSCs. Compared with DR3TBDTT, BTR shows better solubility in the common organic 

solvents because of more alkyl side chains. Scheme 1c shows the UV−vis absorption spectra 

of each material and the ternary blend in thin film. DR3TBDTT itself shows an absorption 

peak at 592 nm and a vibronic shoulder at 640 nm, while BTR itself exhibits slightly 

blueshifted absorption spectrum with an absorption peak at 578 nm and a vibronic shoulder at 

621 nm. For the ternary blend with the optimal ratio, the absorption peaks of the two small 

molecule donors blueshift and the relative intensity of the vibronic shoulder decreases. The 

vibronic shoulder of the small molecule donors in the ternary blend is also weaker than that in 

the DR3TBDTT:P-BNBP-fBT and BTR:P-BNBP-fBT binary blends (Figure S1). It indicates 

Commented [WW2]: What is the best SD/PA-type OSCs? 

Probably need some references here. 
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that the π-π packing of the two small molecule donors are seriously disturbed in the ternary 

blend film. The energy-level diagram for the two small molecule donors and polymer 

acceptor is shown in Scheme 1d. The LUMO and HOMO energy levels are -3.55, -3.52 and -

3.62 eV, and -5.30, -5.34 and -5.87 eV for DR3TBDTT, BTR and P-BNBP-fBT, 

respectively.[12] The small LUMO energy level offsets between the two donors and the 

acceptor is adequate for charge separation to give photovoltaic response. Although the offsets 

are smaller than that (ca. 0.3 eV) emperically required for fullerene-based OSCs, as can be 

seen later, the OSC devices can still give good photovoltaic performance. The large difference 

between the HOMO energy levels of the two donors and the LUMO energy level of P-BNBP-

fBT acceptor is expected to result in high open-circuit voltage (VOC) of the OSC devices. 

 
Scheme 1. (a) Device structure of the OSCs. (b) Chemical structures of DR3TBDTT, BTR 

and P-BNBP-fBT. (c) Optical absorption spectra of the films from DR3TBDTT, BTR and P-

BNBP-fBT, DR3TBDTT:BTR:P-BNBP-fBT ternary blend with optimal ratio of 1.6:2.4:1. (d) 

Energy-level diagram for of DR3TBDTT, BTR and P-BNBP-fBT. 

2.2. Device performance 

Commented [WW3]: There are errors on both BTR and 
DR3TBDTT structures. 

The regiochemistry of the alkyl sidechains on the thiophenes of the 

BDT cores is incorrect.  
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The binary or ternary OSC devices were fabricated with the normal configuration of 

ITO/PEDOT:PSS/Active layer/Ca/Al. The donor:acceptor weight ratio was optimized to be 

4:1. Figure 1a shows the current density-voltage (J-V) plots of the OSC devices based on the 

DR3TBDTT:P-BNBP-fBT and BTR:P-BNBP-fBT binary blend and the DR3TBDTT: 

BTR:P-BNBP-fBT ternary blend under 100 mW cm–2 AM 1.5G illumination. The device 

characteristics are shown in Table 1. The DR3TBDTT:P-BNBP-fBT binary device shows a 

open-circuit voltage (VOC) of 1.17 V, a JSC of 5.95 mA cm-2 and a FF of 51.63%, 

corresponding to a PCE of 3.60%. The BTR:P-BNBP-fBT binary device shows a VOC of 1.23 

V, a JSC of 5.47 mA cm-2 and a FF of 57.28%, corresponding to a PCE of 3.86%. Compared 

with the binary devices, the DR3TBDTT:BTR:P-BNBP-fBT ternary devices at different 

compositional ratios show variable VOC and FF, but higher JSC (Figure S2 and Table S1). It 

indicates that DR3TBDTT:BTR:P-BNBP-fBT ternary devices adopt a parallel-linkage 

model.[13, 14] At the weight ratio of 2:3 for DR3TBDTT:BTR, the ternary device give the best 

PCE of 4.85% with a VOC of 1.18 V, a JSC of 7.39 mAcm-2, a FF of 55.62%. The high VOC is 

consistent with the large offset between the HOMO energy levels of DR3TBDTT/BTR and 

the high-lying LUMO energy level of P-BNBP-fBT (Scheme 1d). The differences in the JSC 

values for the binary and ternary devices are also consistent with the EQE curves. As shown 

in Figure 1b, the external quantum efficiency of the ternary device is much higher than those 

of the two binary devices in the whole photoresponse range from 300 to 800 nm. The 

maximum EQE value of the ternary device is 41.6% at 630 nm, while the maximum EQE 

value is 34.2% at 620 nm for the DR3TBDTT:P-BNBP-fBT blend and 34.2% at 550 nm for 

the BTR:P-BNBP-fBT blend. The JSC integrated from the EQE curves are consistent with the 

JSC measured from the J-V plots. 
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Figure 1. (a) J-V plots and (b) EQE curves of the OSC devices based on DR3TBDTT:P-

BNBP-fBT, BTR:P-BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT ternary blend. 

 

Table 1. Characteristics of OSC devices based on DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-

fBT and DR3TBDTT:BTR:P-BNBP-fBT ternary blend. 

Blend 
VOC 

(V) 

JSC 

(mA cm-2) 

FF 

(%) 

PCEmax (PCEa) 

(%) 

Eloss 

(eV) 

DR3TBDTT:P-BNBP-fBT 1.17 5.95 51.63 3.60 (3.54) 0.55 

BTR:P-BNBP-fBT 1.23 5.47 57.28 3.86 (3.81) 0.59 

DR3TBDTT: BTR:P-BNBP- fBT 1.18 7.39 55.62 4.85 (4.82) 0.54 

a) average PCE of 12 devices 

We also find that a small photon energy loss (Eloss) can be obtained in these SD/PA-types 

OSCs. Eloss is defined as the difference between the lowest optical bandgap (Eg) of 

donor/acceptor materials and the eVoc of OSC devices (Eloss=Eg－eVOC) [15]. For OSCs, the 

Eloss is always in the range of 0.7–1.0 eV and seldom below 0.6 eV[16, 17]. The Eloss of the 

DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT devices 
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are as small as 0.55 eV, 0.59 eV and 0.54 eV, respectively. The small Eloss in these SD/PA type 

OSCs is attributed to the polymer acceptor P-BNBP-fBT, which always exhibits small Eloss of 

ca. 0.5 eV. [12, 18, 19]  

2.3. Blend morphology of the active layers 

To investigate the effect of active layer morphology on the OSC device performance, 

we conducted two-dimensional gracing-incident wide-angle X-ray scattering (2D-GIWAXS), 

resonant soft X-ray scattering (R-SoXS), atomic force microscopy (AFM) and transmission 

electron microscopy (TEM) measurement on the binary and ternary blend films. 2D-

GIWAXS was used to investigate the molecular packing behaviors in the thin films. The 2D-

GIWAXS patterns are shown in Figure 2a-c and the in-plane/out-of-plane line cuts are shown 

in Figure 2d. The relative GIWAXS characterization data are shown in Table 2. Both the two 

binary blend films show multiple higher order (h00) reflections in the out-of-plane direction 

and strong (010) reflection of π-π stacking in the in-plane direction. It indicates that both 

DR3TBDTT and BTR adopt edge-on orientation in the binary blend films[11, 20]. In contrast, 

for the ternary blend, the multiple higher order reflection of (h00) appears in the in-plane 

direction, and the π-π stacking reflection in the out-of-plane direction become stronger than 

that in the in-plane direction of the ternary blend. These results suggest that the small 

molecule donors adopt face-on orientation in the ternary blend. The face-on orientation is 

favorable for charge transporting in the OSC devices. The intensity of (h00) reflections of the 

small molecules are much weaker in the ternary blend film than that in the binary blend films, 

indicating that the crystallinity of the small molecules are effectively suppressed in the ternary 

blend. We further quantify the coherence lengths from the full width at half-maximum of the 

(010) diffraction peaks (assigned to π-π stacking) with Scherrer equation. As listed in Table 2, 

the π-π stacking correlation length is smaller for the ternary blend than that for the two binary 

blends, confirming the suppressed crystallinity in the ternary blend. 
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Figure 2. 2D-GIWAXS images of the films from (a) DR3TBDTT:P-BNBP-fBT, (b) BTR:P-

BNBP-fBT, (c) DR3TBDTT:BTR:P-BNBP-fBT ternary blend, (d) Linecuts of GIWAXS 

images in the in-plane and out-of-plane of the binary and ternary blend films. 

 

Table 2. GIWAXS characterization data of the binary and ternary blend films. 

System 

100 010 

Location 

(Å-1) 

d-spacing 

(Å) 

FWHM 

(Å-1) 

CL 

(Å) 

Location 

(Å-1) 

d-spacing 

(Å) 

FWHM 

(Å-1) 

CL 

(Å) 

DR3TBDTT:P-BNBP-fBT 0.32 19.94 0.034 163.92 1.73 3.63 0.10 59.33 

BTR:P-BNBP-fBT 0.32 19.80 0.019 295.79 1.70 3.69 0.10 55.87 

Ternary blend 0.31 20.35 0.030 190.12 1.71 3.68 0.11 49.68 

 

Figure 3 shows the R-SoXS data acquired at 285.2 eV for DR3TBDTT:P-BNBP-fBT, 

BTR:P-BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT blend films. All the three blends all 

show a broader domain size distribution. The peaks corresponding to ca. 74 and 48 nm 

domains is observed for DR3TBDTT:P-BNBP-fBT and BTR:P-BNBP-fBT blend. The 

composition variation was calculated by integrate the area of I*q2 versus q plot to define the 
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phase purity in the blend films. The relative domain purity of DR3TBDTT:P-BNBP-fBT and 

BTR:P-BNBP-fBT blend films is 1 and 0.56. The larger domain size and higher domain 

purity for DR3TBDTT:P-BNBP-fBT binary blend compared with BTR:P-BNBP-fBT binary 

blend are attributed to the poorer solubility of DR3TBDTT. The R-SoXS scattering profile of 

the ternary blend film is similar to that of the DR3TBDTT:P-BNBP-fBT binary blend, 

indicating that DR3TBDTT dominates the crystallization in the ternary blend film. The 

domain size of the ternary blend decreases to 65 nm and maintain a high domain purity of 

0.88. On the one hand, the reduced domain size and high phase purity benefit charge 

transporting and reduce charge recombination, thus leading to improved OSC device 

performance of the ternary blend. On the other hand, the phase separation size of the ternary 

blend is still much larger than the exciton diffusion length (ca. 10 nm), which limits further 

JSC enhancement. 

 
Figure 3. R-SoXS scattering profiles of DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and 

DR3TBDTT:BTR:P-BNBP-fBT ternary blend. 
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The reduced domain size in the ternary blend can also be observed in the AFM and TEM 

images. As shown in Figure 4a-c, the large aggregates in the AFM height images are 

attributed to the crystalline domain of the small molecules. While DR3TBDTT:P-BNBP-fBT 

and BTR:P-BNBP-fBT films show the domain size of 60-100 nm and 80-130 nm, 

respectively, the ternary blend film exhibits the domain size of 40-70 nm. The root-mean-

square (RMS) roughness value decrease from 3.06 nm for DR3TBDTT:P-BNBP-fBT and 

3.37 nm for BTR:P-BNBP-fBT to 2.51 nm for the ternary blend. The TEM images in Figure 

4d-f indicate the formation of fibrous networks in the blend films. Large dark areas appear in 

the TEM images of the DR3TBDTT:P-BNBP-fBT and BTR:P-BNBP-fBT films. In 

comparison, in the TEM images of the ternary blend, small dark areas can be seen and the 

fibers are uniformly distributed. These results indicate that large size phase separation takes 

place in the binary blend and that the phase separation is effectively suppressed in the ternary 

blend. The reduced domain size in the ternary blend increases the donor/acceptor interfacial 

area and thus improves the exciton dissociation. Therefore, the increased JSC and FF in the 

ternary OSC devices are attributed to the small phase separation domain size and face-on 

orientation of the two small molecule donors.  

 
Figure 4. AFM height images of the blend films: (a) DR3TBDTT:P-BNBP-fBT, (b) BTR:P-

BNBP-fBT, (c) DR3TBDTT:BTR:P-BNBP-fBT ternary blend. TEM images of the blend 
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films: (d) DR3TBDTT:P-BNBP-fBT, (e) BTR:P-BNBP-fBT, (f) DR3TBDTT:BTR:P-BNBP-

fBT ternary blend. 

 

2.4. Charge transporting and recombination 

To investigate the charge transporting properties in the binary and ternary blend films, we 

measure the electron and hole mobilities using space-charge-limited current (SCLC) method. 

The J−V plots and SCLC fittings of the hole-only devices (device structure: 

ITO/PEDOT/active layer/MoO3/Ag) and electron-only devices (device structure: 

ITO/PEIE/active layer/Ca/Al) are shown in Figure 5. Table 3 summarizes the estimated hole 

and electron mobilities. The hole mobility (μh) of DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-

fBT and DR3TBDTT:BTR:P-BNBP-fBT films is 1.95×10-4, 3.93×10-4 and 6.23×10-4 

cm2V-1s-1, respectively. The enhanced μh of the ternary blend may be due to the preferred 

face-on orientation of the small molecule donors. The electron mobility (μe) of 

DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT films is 

3.90×10-5, 1.23×10-4 and 2.50×10-4 cm2V-1s-1, respectively. The enhanced μe of the ternary 

blend may be attributed to the fibrous network of polymer acceptor, which can be seen in the 

TEM images. The suppressed crystallinity of the small molecule donors in the ternary blend 

may help the formation of P-BNBP-fBT fibers in the phase separation process. As listed in 

Table 3, the μh/μe ratio of the ternary blend is 2.49, which is smaller than those of the two 

binary blends. The enhanced and balanced charge carrier mobilities of the ternary blend result 

in improved charge transport/collection and lead to high JSC and FF.  



  

13 

 

0 2 4 6 8

10
0

10
2

10
4

DR3TBDTT:P-BNBP-fBT   Fitted

BTR:P-BNBP-fBT               Fitted

Ternary blend                     Fitted

 

 

C
u

rr
e

n
t 
 d

e
n

s
it
y
 (
A

 m
-2

)

Voltage (V)

 

 

0 2 4 6 8

10
0

10
2

10
4

DR3TBDTT:P-BNBP-fBT   Fitted

BTR:P-BNBP-fBT               Fitted

Ternary blend                     Fitted

 

 

C
u
rr

e
n
t 
 d

e
n
s
it
y
 (
A

 m
-2

)

Voltage (V)

 

 

(a) 

(b) 

 
Figure 5. Space-charge-limited J−V characteristics in dark for (a) hole-only and (b) electron-

only devices of the two binary blends and the ternary blend. 

 

Table 3. Hole and electron mobilities of DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and 

DR3TBDTT:BTR:P-BNBP-fBT ternary blend. 

Active layer μh (cm2 V-1 s-1) μe (cm2 V-1 s-1) μh /μe 

DR3TBDTT:P-BNBP-fBT 1.95×10-4 3.90×10-5 5.00 

BTR:P-BNBP-fBT 3.93×10-4 1.23×10-4 3.20 

Ternary blend 6.23×10-4 2.50×10-4 2.49 

 

We further investigate the charge recombination of the three OSC devices via the light 

intensity dependent J-V characteristics and the charge-transfer state (CTS) dissociation 

probability. The relationship between JSC and the light intensity (I) can be described as JSC∝Iα, 

where α is the calculated power-law exponent[21]. As shown in Figure 6a, the α value is 0.94, 

0.96 and 0.96 for the devices of DR3TBDTT:P-BNBP-fBT，BTR:P-BNBP-fBT and the 

ternary blend, respectively. These high α values indicate that bimolecular recombination is not 
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significant in all the three devices. The VOC varies logarithmically with light intensity (ln(I)) 

(VOC∝nkT/qln(I), where n is a constant, k is Boltzmann’s constant, T is temperature, q is the 

elementary charge)[22]. Trap-assisted recombination and germinate recombination are 

dominant when the slope value is equal to 2kT/q, while the slop value would be kT/q when 

only bimolecular recombination takes place. As shown in Figure 6b, the slop value is 

1.42kT/q, 1.06kT/q and 1.03kT/q for the DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and 

the ternary blend devices. These results indicate that the trap-assisted recombination and 

germinate recombination is effectively suppressed in the ternary blend compared with the two 

binary blends. This may be due to the reduced crystalline domain size and the face-on-

orientation of the two small molecule donors in the ternary blend. The suppressed charge 

recombination is consistent with the improved device performance of the ternary blend. The 

CTS dissociation probability was measured from the plots of photogenerated current density 

(Jph=JL–JD, where JL is the current density under illumination and JD is the current density in 

the dark) versus effective voltage (Veff = V0–Va, where V0 is the voltage when Jph is zero and 

Va is the applied voltage)[23]. The CTS dissociation probability value can be obtained from Jph, 

sc/Jph, sat, where Jph, sc is the photocurrent density under short-circuit conditions and Jph, sat is the 

saturation photocurrent density. As shown in Figure 6c, DR3TBDTT:P-BNBP-fBT, BTR:P-

BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT blends show similar CTS dissociation 

probabilities of 0.72, 0.71 and 0.74, respectively, but different Jph, sat of 8.24 mA cm-2, 7.28 

mA cm-2 and 9.89 mA cm-2, respectively. The higher Jph,sat for the ternary blend than for the 

binary blends is due to the increased donor/acceptor interfacial areas with small size-phase 

separation in the ternary blend. The improved and balanced charge mobility, suppressed 

charge recombination and increased donor/acceptor interfacial areas account for the high JSC 

and high FF of the ternary blend device. 
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Figure 6. Light intensity dependence of (a) JSC and (b) VOC (solid lines are fits), (c) Jph versus 

Veff plots of the OSC devices based on DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and 

DR3TBDTT:BTR:P-BNBP-fBT ternary blend. 

 

3. Conclusions 

In summary, we studied the first ternary SD/PA-type OSC with one polymer acceptor (P-

BNBP-fBT) and two small molecule donors (DR3TBDTT and BTR) of similar chemical 
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structures. Compared with the DR3TBDTT:P-BNBP-fBT and BTR:P-BNBP-fBT binary 

blends, the DR3TBDTT: BTR:P-BNBP-fBT ternary blend exhibits decreased crystalline size 

and improved face-on orientation of the small molecule donors. As the result, the ternary 

blend shows improved and balanced charge mobility, suppressed charge recombination and 

increased donor/acceptor interfacial areas. The ternary OSCs exhibits PCE of 4.85%, which is 

higher than that of the two binary OSCs (PCE=3.60% or 3.85%). These results suggest that 

ternary blend is an effective strategy to manipulate active layer morphology and enhance 

photovoltaic performance of SD/PA-type OSCs. 

4. Experimental section 

Materials: DRR3TBDTT, BTR and P-BNBP-fBT (Mn = 116.0 kDa, PDI = 2.6) were obtained 

according to the previous reported methods.[10-12] 

Absorption spectra of thin films: The pure DR3TBDTT, BTR, P-BNBP-T films and the 

ternary blend film with different ratios were spin-coated on quartz substrates from their 

chlorobenzene solutions. The films were measured with a PerkinElmer Lambda 35 UV/VIS 

Spectrometer. 

OSC device fabrication and measurement: ITO glass substrates were ultrasonicated for 10 

min sequentially with detergent, de-ionized water, acetone and iso-propanol, respectively. The 

ITO glass substrates were dried at 120 oC for 2 h and treated with UV-ozone for 25 min. 

PEDOT:PSS (Clevios PVP Al4083 from H. C. Starck Inc.) was spin-coated on the pre-cleaned 

ITO substrates and then baked at 120 oC for 30 min. All the substrates were transferred to a 

nitrogen-filled glove box. The binary blend of DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT 

and the ternary blend of DR3TBDTT:BTR:P-BNBP-fBT (D:A=4:1, w/w and the polymer 

concentration is 2.5 mg ml-1) was dissolved in chlorobenzene (CB). The solution was stirred 

at 80 oC for 3 hours to ensure the complete dissolution in the glove box. Before spin coating, 

both the solution and ITO/PEDOT:PSS substrates were preheated on a hot plate at 80 oC. The 

active layers with a thickness of ca. 80 nm were gained by spin coating the warm solution 

Commented [WW4]: Dr David Jones wondered if you have tried 

other solvents (such as chloroform) to control film morphology of the 

blends. 
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onto the preheated substrate. After that, a solvent mixture of 1, 8-diiodooctane (DIO) and 

hexane (0.5:99.5, v/v) was spin-coated on the top of the active layer with a speed of 3000 rpm 

for 1 min.[24] The active layers were then transferred into a vacuum chamber. Finally, Ca (20 

nm) and Al (100 nm) were sequentially deposited on the top of the active layer at a pressure 

of 2×10-4 Pa. The active area of the devices was 8 mm2. The current-voltage (J–V) plots of the 

device were measured using a Keithley 2400 source meter under 100 mW cm–2 AM 1.5G 

simulated solar light illumination provided by a XES-40S2-CE Class Solar Simulator (Japan, 

SAN-EI Electric Co., Ltd.). The EQE spectrum was measured using a Solar Cell Spectral 

Response Measurement System QE-R3011 (Enlitech Co., Ltd.) under the short-circuit 

condition at a chopping frequency of 165 Hz. 

GIWAXS Characterization: GIWAXS measurements were performed at beamline 7.3.3 at the 

Advanced Light Source. The pure films and DR3TBDTT:BTR blend (2:3, w/w) film were 

prepared from their CB solutions. The DR3TBDTT:P-BNBP-fBT, BTR:P-BNBP-fBT and the 

ternary blend films were prepared using identical blend solutions as those used in devices on 

Si substrate. The 10 keV X-ray beam was incident at a grazing angle of 0.12°–0.16°, which 

maximized the scattering intensity from the samples. The scattered X-rays were detected 

using a Dectris Pilatus 1M photon counting detector. 

R-SoXS characterization: R-SoXS transmission measurements were performed at beamline 

11.0.1.2 at the Advanced Light Source (ALS). A 285.2 eV beamline energy was chosen to 

enhance the contrast. Samples for R-SoXS measurements were prepared on a PEDOT:PSS 

modified Si substrate under the same conditions as those used for device fabrication, and then 

transferred by floating in water to a 1.5 mm×1.5 mm, 100 nm thick Si3N4 membrane 

supported by a 5 mm×5 mm, 200 μm thick Si frame (Norcada Inc.). 2-D scattering patterns 

were collected on an in-vacuum CCD camera (Princeton Instrument PI-MTE). The sample 

detector distance was calibrated from diffraction peaks of a triblock copolymer poly(isoprene-

b-styrene-b-2-vinyl pyridine), which has a known spacing of 391 Å. The beam size at the 
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sample is approximately 100 μm by 200 μm. 

AFM and TEM characterizations: AFM characterization was performed on a SPA 300HV 

with a SPI 3800N controller (Seiko Instruments, Inc., Japan) in tapping mode. A silicon micro 

cantilever (spring constant 2 N m-1 and resonance frequency ca. 300 kHz, Olympus Co., Japan) 

with an etched conical tip was used for the scan. The samples for AFM measurement were 

prepared by spin-coating the blend solution onto the ITO/PEDOT:PSS substrates and 

processed with the same procedures as the device conditions. TEM images were obtained 

with a JEM-1011 (JEOL Co., Japan) operated at an accelerating voltage of 100 kV. TEM 

samples were made by floating the blend films onto the water surface and picked up the films 

onto a copper mesh. 

Hole- and electron-only devices fabrication and mobility measurement: The hole and electron 

mobilities of the blend film with different processing conditions were measured by the space-

charge-limited current (SCLC) method. The hole-only device structure is ITO/PEDOT:PSS 

(40 nm)/active layer/MoO3 (7 nm)/Ag (100 nm) and the electron-only device structure is 

ITO/PEIE (10 nm)/active layer/Ca (20 nm) /Al (100 nm), respectively. J-V plots in the range 

of 0–10 V were measured using a Keithley 2400 source meter, and the mobility was obtained 

by fitting the J-V plots near quadratic region according to the modified Mott−Gurney equation: 
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Where J is the current density, ε0 is permittivity of free space, εr is the relative permittivity 

(assumed to be 3), μ is the zero-field mobility, V is the potential across the device (V=Vapplied–

Vbi–Vseries), L is the thickness of active layer, and β is the field-activation factor. The series 

and contact resistance (Vseries) of the device (10–20 Ω) were measured using blank device of 

ITO/PEDOT:PSS/MoO3/Ag or ITO/PEIE/Ca/Al. 
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Figure S1. UV-vis absorption spectra of the DR3TBDTT:BTR:P-BNBP-fBT ternary blend 

films with different ratios.  

 

 

 

 

Figure S2. (a) J-V plots and (b) EQE curves of the OSC devices based on DR3TBDTT:P-

BNBP-fBT, BTR:P-BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT ternary blend with 

different ratios.  
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Figure S3. 2D-GIWAXS images of the films from (a) pure DR3TBDTT, (b) pure BTR, (c) 

pure P-BNBP-fBT, and DR3TBDTT:BTR blend (2:3, w/w). (e) Linecut of GIWAXS images 

in the in-plane and out-of-plane of the pure and blend films. 
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Figure S4. Optical contrast plots of different systems. The energy 285.2 eV was used to 

obtain the data. 

 



  

24 

 

 

Figure S5. AFM phase images of the blend films from (a) DR3TBDTT:P-BNBP-fBT, (b) 

BTR:P-BNBP-fBT, (c) DR3TBDTT:BTR:P-BNBP-fBT ternary blend.  
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Table S1. Characteristics of OSC devices based on DR3TBDTT:P-BNBP-fBT, BTR:P-

BNBP-fBT and DR3TBDTT:BTR:P-BNBP-fBT ternary blend with different ratios. 

 
DR3TBDTT:BTR:P-BNBP-fBT  VOC (V) JSC (mAcm-2) FF (%)  PCE (%)  

4:0:1  1.17  5.95  51.63  3.60  

3.2:0.8:1  1.18  6.17  52.44  3.86  

2.4:1.6:1  1.18  6.54  53.91  4.16  

2:2:1  1.18  7.04  54.32  4.51  

1.6:2.4:1  1.18  7.39  55.62  4.85  

1.2:2.8:1  1.19  7.10  55.32  4.68  

0.8:3.2:1  1.19  6.73  56.15  4.50  

0:4:1 1.23 5.47 57.28 3.86 

 

 

Table S2. GIWAXS characterization data of the pure and binary blend films. 
 

System 

100 010 

Location 

(Å-1)  
d-spacing 

(Å)   
FWHM  

CL 
(Å)  

Location 
 (Å-1) 

d-spacing  
(Å)  

FWHM  
CL 
(Å)  

DR3TBDTT  0.32  19.92  0.022 255.42  1.72  3.65  0.08  68.25  

BTR  0.33  19.30  0.015 369.48  1.66  3.78  0.08  71.13  

DR3TBDTT:BTR  0.31  20.04  0.016 364.56  1.69  3.71  0.10  58.19  

 


