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A block copolymer enhances the efficiency of small-molecule 

bulk-heterojunction photovoltaics 

Hsiu-Cheng Chen,
a
 Yu-Wei Su,

a 
and Kung-Hwa Wei

＊a 

Block copolymer can self-assemble into ordered structures having feature dimensions on the order of 10 to 100nm; we 

took advantage of the different polarities of the blocks of a low-molecular-wieght diblock copolymer polystyrene-b-

poly(ethylene oxide) (PS-b-PEO) that interact differentially with small molecules and fullerenes to tune the extent of the 

phase separation in the solution-processed small-molecule bulk-heterojunction (SMBHJ) solar cells. We incorporated small 

amounts of a nanostructured PS-b-PEO to solar cells’ active layers featuring 7,7´-{4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-

b´]dithiophene-2,6-diyl}bis{6-fluoro-4-(5´-hexyl-[2,2´-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole} (p-DTS(FBTTh2)2) and 

[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) for optimizing morphology and thus enhancing devices’ power 

conversion efficiency. For understanding the effect of PS-b-PEO on devices’ performances, we used synchrotron grazing-

incidence wide-angle X-ray scattering, atomic force microscopy and transmission electron microscopyto probe and to 

decipher the morphologies of the resulting SMBHJ thin films. Without undergoing any annealing process, a device with an 

active layer of p-DTS(FBTTh2)2:PC71BM(1:1.5, w:w) that incorporated 0.5 wt % of PS-b-PEO and was processed with 1,8-

diiodooctane solvent additive displayed a power conversion efficiency (PCE) of 7.3%, a relative increase of 2.5 times as 

compared to the PCE of 2.1% for the control device featuring only p-DTS(FBTTh2)2 and PC71BM. Thus, incorporating this 

nanostructured block copolymer in the active layer allowed effective tuning of the small molecule active layer morphology 

and resulted in enhanced device efficiency.

Introduction 

In recent years, some small-molecule bulk-heterojunction (SMBHJ) 

photovoltaics have demonstrated power conversion efficiencies 

(PCEs) closed to 10%.1–3 This progress has resulted from elegant 

structural design of small molecules capable of broadly harvesting 

the solar spectrum while exhibiting high degrees of crystallinity, 

thereby greatly increasing device PCEs after blending with 

fullerenes in solvents and then processed through spin-coating. 

Various post-processing approaches—including thermal 

annealing,4–7 solvent vapor annealing,8,9 solvent surface 

treatment,10,11 and the use of solvent additives12–23—have been 

adopted to obtain optimal morphologies for the active layers and, 

thereby, enhance the efficiencies of the BHJs. Highly efficient 

SMBHJ solar cells are particularly attractive24-27 because their well-

defined chemical structures minimize batch-to-batch variability in 

terms of molecular weight and thus have higher degrees of 

crystallinity,28,29 as compared to that of conjugated polymers. In 

addition, small molecules are generally easier to purify than 

conjugated polymersare.30 

Several highly efficient SMBHJ solar cells featuring 7,7´-{4,4-

bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b´] dithiophene-2,6-diyl}bis{6-

fluoro-4-(5´-hexyl-[2,2´-bithiophen]-5-yl)benzo[c][1,2,5] thiadiazole} 

(p-DTS(FBTTh2)2 as the donor component and [6,6]-phenyl C70 

butyric acid methyl ester (PC71BM) as the acceptor component have 

been reported recently.31–34 In such studies, 1,8-diiodooctane 

(DIO)—a high-boiling-point processing solvent capable of 

decreasing the size of the fullerene domains and inducing the 

crystallization of polymer or small molecules—has typically been 

used as a processing additive to ensure the fabrication of highly 

efficient devices; in addition, DIO can induce finer and more evenly 

distributed domains in conjunction with continuous 

interpenetrating networks without any large-scale aggregation of 

either the donor or acceptor in the BHJ composition.16 The addition 

of a small concentration (2.5 wt %) of high-molecular-weight (Mn = 

20,000,000 g mol–1) polystyrene can increase an active layer’s 
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thickness without affecting its phase separation or structural order 

as reported previously.35 

Block copolymers capable of self-assembling can form various 

nanostructured morphologies, including spherical micelles, worm 

micelles, lamellae, cylinders, and vesicles with dimensions on the 

order of 10 to 100nm.36 Most previous studies have focused on the 

preparation of highly oriented and ordered arrays, the self-

organization of block copolymers, and the potential applications of 

their phase transition behavior.37–43 The major potential 

applications of such block copolymers are in the lithography of 

microelectronics, and electrical memory.44–47 One particular block 

copolymer, polystyrene-b-poly(ethylene oxide) (PS-b-PEO), has 

been applied as a polymer blend compatibilizer, emulsifier, 

dispersant, stabilizer, and non-ionic surfactant.48 

In this present study, we added a small amount (0.5wt%) of 

low-molecular-weight PS5k-b-PEO5k, comprising an amorphous PS 

block and a semi-crystalline PEO block, in the active layer based on 

p-DTS(FBTTh2)2 and PC71BM as a means of tuning the extent of 

phase separation such as the small molecules lamellae size, 

fullerene cluster size and the extent of mixing between them, 

thereby achieving a high PCE. We term PS-b-PEO for PS5k-b-PEO5k in 

this paper thereafter. In addition, we employed a 

polyethyleneimine-doped sol–gel-processed zinc 

oxide/polyethyleneimine (ZnO:PEI) compositeas an electron 

transport layer in the inverted device structure.49 

To the best of our knowledge, the incorporation of PS-b-PEO in 

the active layer of a SMBHJ solar cell has not been reported 

previously. We suspected that the large difference in polarity 

between the PEO (μ = 1.04 D) and PS (μ = 0.13 D) blocks would 

ensure their differential interactions with the small molecules (high 

dipole moment) and fullerenes (low dipole moment), respectively, 

thereby allowing effective tuning of the morphology of the active 

layer.50,51 We employed X-ray scattering and electron microscopy 

techniques to examine the morphologies of the active layers in the 

SMBHJ solar cells, allowing us to discern the relationship between 

the active layer morphology and the device performance. 

 

Fig. 1 (a) Inverted device structure of ITO/ZnO:PEI/SMBHJ/MoO3/Ag. Inset shown molecular structures of p-DTS(FBTTh2)2, PC71BM, and 

PS-b-PEO ; (b) Energy level diagram of the component materials used in the inverted SMBHJ solar cells. 

 

Table 1 Device parameters for solar cells containing p-DTS(FBTTh2)2:PC71BM active layers spin-cast from CB solutions in the presence and 
absence of PS-b-PEO and DIO-processed. Ten devices were fabricated and measured for each condition. 

p-DTS(FBTTh2)2:PC71BM Voc 

[[[[VVVV]]]] 
Jsc 

[[[[mA cmmA cmmA cmmA cm
––––2222]]]] 

FF 

[[[[%%%%]]]] 
η 

[[[[%%%%]]]] 
µh 

[cm2 V-1s-1] 

Control 0.77± 0.01 9.52 ± 0.12 29.7± 0.5 2.1 ± 0.12 2.13x10-6 

PS-b-PEO (0.5 wt%) 0.77± 0.02 11.1± 0.09 30.8± 0.6 2.6 ± 0.13 5.07x10-6 

DIO-processed 0.78± 0.02 14.7± 0.14 46.3± 0.3 5.3 ± 0.11 1.45x10-5 

0.1wt%PS-b-PEO (DIO) 0.78± 0.01 16.3± 0.13 52.0± 0.3 6.6 ± 0.12 3.56x10-5 

0.5wt%PS-b-PEO (DIO) 0.78± 0.01 17.4± 0.11 54.4± 0.4 7.3 ± 0.11 4.28x10-5 

1.0wt%PS-b-PEO (DIO) 0.78± 0.01 16.8± 0.12 47.8± 0.3 6.3 ± 0.13 1.87x10-5 

Voc: Open-circuit voltage; Jsc: short-circuit density;  FF: fill factor ; η: power conversion efficiency; µh: hole mobility. 
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Results and discussion 

Fig. 1(a) displays the molecular structures of p-DTS(FBTTH2)2, 

PC71BM, and PS-b-PEO, as well as the device structure [indium tin 

oxide (ITO)/ZnO:PEI/p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w)/MoO3/Ag]. 

All films were cast from chlorobenzene (CB), either with or without 

the solvent additive DIO. Fig. 1 (b) shows the energy levels diagram 

of component materials used in the device. The HOMOand LUMO 

energy levels of p-DTS(FBTTh2)2 are -5.1 and -3.3 eV,31 and that of 

PC71BM are -6.1 and -4.3 eV, respectively. Fig. 2(a) and 2(b) display 

the current density–voltage (J–V) characteristics of inverted SMBHJ 

solar cells under 1 sun (simulated AM 1.5 G irradiation, 100 mW cm–

2) and their externalquantum efficiency (EQE) curves, respectively. 

Table 1 summarizes the device characteristics of SMBHJ solar cells 

featuring active layersof p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w) in the 

presence of various amounts of PS-b-PEO. The control device 

featuring anactive layer of p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w) 

exhibited a short-circuit current (Jsc) of 9.5 mA cm–2, an open circuit 

voltage (Voc) of 0.77 V, a fill factor (FF) of 29.7%, and a PCE of 2.1%. 

When the active layer was processed using the solvent additive DIO 

at 0.4 vol %, the PCE of the device increased to 5.3%. On the other 

hand, when the active layer featured 0.5 wt % of PS-b-PEO within p-

DTS(FBTTH2)2:PC71BM (1:1.5, w:w) and was processed without DIO, 

the values of Jsc and FF increased slightly, resulting in the PCE of the 

device increasing to 2.6%—over 20% greater than that of the 

control device. After annealing at 80 °C for 10 min, the PCEs of the 

control, control-processed-with-DIO, and 0.5 wt % PS-b-PEO–

containing devices improved to 3.4, 7.0, and 3.8%, respectively—

from 2.1, 5.3, and 2.6%, respectively, in the absence of annealing 

(see Supplementary Table S1 and Fig. S1). Thus, the improvement in 

PCE resulting from annealing of the devices improved substantially 

in the cases in the absence of PS-b-PEO, which is similar to the trend 

in the results of a previous study.31 In the cases of without annealing, 

for the BHJ film incorporating 0.5wt% PS-b-PEO and having been 

processed with the additive DIO, the PCE of the device improved 

further to 7.3%—a relative increase of 2.5 times—as compared to 

that of the control case of 2.1%; it also indicates a relative increase 

of 37% as compared to that of the DIO-processed control case of 

5.3%. Hence, the largest improvement in PCE was in the without 

annealing case where 0.5 wt% PS-b-PEO was incorporated in the 

active layer that had been processed with DIO—that is most likely 

because of the processing conditions providing more time for PS-b-

PEO to interact with the small molecules and fullerenes and to form 

self-assembled structures. 

 

Fig. 2 (a) J–V characteristics; (b) EQE spectra; (c) UV–Vis absorption 
spectrum. The SMBHJ films were processed using p-
DTS(FBTTh2)2:PC71BM blended DIO or PS-b-PEO as additives. 

The Voc of all devices is about the same because the amount of PS-
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b-PEO present in the active layer is small (0.1 to 1wt%); this amount 

would affect the extent of phase separation to certain degree but 

not large enough to affect the Voc that was mainly determined by 

the molecular parameters and affected by larger phase separation. 

Fig. 2c presents UV–Vis absorption spectra of the spin-cast p-

DTS(FBTTH2)2:PC71BM (1:1.5, w:w) films (thickness: ca. 110 nm) that 

incorporated different amounts of PS-b-PEO. The spectra feature 

two broad vibronic peaks, at 625 and 675 nm, for the π–π stacked 

p-DTS(FBTTH2)2 aggregates, assigned to A0→1 and A0→0 transitions, 

respectively.52,53 The p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w) films 

incorporating 0.5 wt % of PS-b-PEO and processed with 0.4 vol % of 

DIO displayed increases in absorbance for its peaks at 400, 625, and 

675 nm. 

To understand how the incorporated PS-b-PEO affected the p-

DTS(FBTTH2)2:PC71BM (1:1.5, w:w) active layer, we investigated the 

morphologies of thin films that have the same compositions as the 

ones used in solar cells using synchrotron grazing-incidence wide-

angle X-ray scattering (GIWAXS), atomic force microscopy (AFM), 

and transmission electron microscopy (TEM). Fig. 3(a–d) display 

topological AFM images of the p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w) 

films. The film (Fig. 3a) for the control device had a very smooth 

surface, with root-mean-square (RMS) roughness of only 1.0 nm, 

with a minor fiber-like structure on this surface. The DIO-processed 

p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w) film (Fig. 3b) had a higher RMS 

roughness of 4.8 nm and show much more fiber-like p-DTS(FBTTH2)2 

structure than that of the control film. The film of the p-

DTS(FBTTH2)2:PC71BM (1:1.5, w:w) that incorporates 0.5 wt % of PS-

b-PEO presented (Fig. S2a in the supporting information) a 

disordered structure with p-DTS(FBTTH2)2 incorporated PEO-corolla 

and PS-coronaarising from the selectivity of the CB solvent; its RMS 

roughness was 4.4 nm. The DIO-processed p-DTS(FBTTH2)2:PC71BM 

(1:1.5, w:w)/0.5 wt % PS-b-PEO film presented a fiber-like network 

structure with some phase separations (Fig. 3c). Whereas, The DIO-

processed p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w)/1 wt % PS-b-PEO 

film show a more phase-separated system with smaller fiber-like 

structure (Fig. 3d). Fig. 3(e–h) present bright-field TEM images of 

the films prepared using conditions corresponding to those applied 

for AFM characterization. In Fig. 3e, the control film displays neither 

significant small-molecule p-DTS(FBTTH2)2 crystallization nor large 

phase separation between p-DTS(FBTTH2)2:PC71BM (1:1.5, w:w) and 

PC71BM. The DIO-processed film (Fig. 3f) displayed almost-distinct 

p-DTS(FBTTH2)2 fiber-like crystalline structure and slightly 

aggregated PC71BM clusters. When 0.5wt% PS-b-PEO (Fig. 3g) was 

incorporated inp-DTS(FBTTH2)2:PC71BM (1:1.5, w:w), relatively 

bright spot regions (diameter: 30 nm) appeared, attributed to the 

crystalline p-DTS(FBTTH2)2 fiber-incorporated PS-b-PEO domains, as 

well as dark regions, representing mixed phases of amorphous p-

DTS(FBTTH2)2 intercalated into PC71BM domains, reflecting the 

relatively high electron density of PC71BM, indicating the extent of 

the phase separation of p-DTS(FBTTH2)2 and PC71BM increased 

substantially. Compared with the 0.5 wt% PS-b-PEO incorporated 

 

Fig. 3 (a–d) AFM topographic and (e–h) TEM images of p-DTS(FBTTh2)2:PC71BM films; (a, e) Control; (b, f) DIO-processed; (c, g) 0.5 wt % 
PS-b-PEO with DIO-processed; (d, h) 1.0wt % PS-b-PEO with DIO-processed. 
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film, the p-DTS(FBTTH2)2 and PC71BM(1:1.5, w:w) film incorporating 

1.0wt % PS-b-PEO (Fig. 3h) that was processed with DIO had a 

morphology that featured a larger (40-60nm) white aggregation 

cluster region, suggesting that increasing the amount of 

incorporated PS-b-PEO led to the amorphous p-DTS(FBTTH2)2 

incorporated PS-b-PEO aggregation cluster becoming larger and 

highly phase-separated characteristics in the film. For clarifying the 

thickness effect, we have checked our samples and found that the 

thickness variations for our TEM specimens are around 5 nm, and 

thus will not appreciably affect the contrast variations. 

Consequently, the contrast variation in Fig. 3h was mainly be 

attributed to the phase separation in the film. To investigate the 

cross-sectional morphologies and interfacial layer structures49,54,55 

that are important for the carrier transport in the inverted solar cell 

structure, we prepared a thin slice about 100nm of the device 

structure for TEM imaging with a focused ion beam technique. Fig. 

S3 shows a high-resolution cross-sectional TEM image of the BHJ 

solar cell devices with a structure of ITO/ZnO:PEI/p-

DTS(FBTTH2)2:PC71BM:PS-b-PEO (0.5 wt%)/MoO3/Ag by using the 

focused ion beam technique.  

Typically, AFM and TEM reveal local information for BHJ films; 

GIWAXS and grazing-incidence small-angle X-ray scattering (GISAXS) 

are, on the other hand, complementary tools for probing multi-

length-scale structures in BHJ films.56,57 Fig. 4a presents the 2D 

GIWAXS pattern of the control (p-DTS(FBTTH2)2:PC71BM)(1:1.5, w:w) 

film, demonstrating a highly disordered film that was responsible 

for the relatively low PCE for the device that adopted the film as the 

active layer.14 The DIO-processed control film (Fig. 4b) exhibited 

relatively strong scattering patterns of its (001) peak as well as 

higher-order scattering peaks (002) and (003) along the qz axis, 

indicating a lamella-like layered structure. When 0.5 wt % of PS-b-

PEO was incorporated in the DIO-control film, the diffraction 

pattern (Fig. 4c) was similar to that of the DIO-processed control 

film prepared without PS-b-PEO, albeit with a slightly lower 

intensity. When the1.0wt% PS-b-PEO was incorporated in the active 

layer and was processed with DIO, the scattering pattern of the film 

(Fig. 4d) was almost identical to that of 0.5 wt % PS-b-PEO film. 

Previous reports have suggested that the crystallization of p-

DTS(FBTTH2)2 in the BHJ can be enhanced significantly through 

either thermal annealing or processing with the additive DIO.14,15,58 

In our present study, the incorporation of PS-b-PEO into the p-

DTS(FBTTH2)2:PC71BM active layer enhanced the solar cell 

performance of the device without the need for additional thermal 

annealing. 

The scattering pattern of the PS-b-PEO–incorporated, DIO-

processed samples featured characteristic (001), (002), (003), and 

(010) peaks at 2.8, 5.6, 8.4, and 17.3 nm–1, respectively (Fig. S4 in 

the supporting information). These peaks matched well with those 

of single crystal refinement due to a lamella-like layered structure 

and DIO-processed thin film structure of p-DTS(FBTTH2)2 reported 

 

Fig.4 2D GIWAXS patterns of p-DTS(FBTTh2)2:PC71BM films: (a) 

control; (b) DIO-processed film (c)0.5 wt % PS-b-PEO with DIO-

processed; (d) 1.0wt % PS-b-PEO with DIO-processed. (The vertical 

lone profile qxy≈ 0 is displayed in Fig. S4) 

 

elsewhere.14,15 We determined d-spacing using the equation (1) 

d = 2π/q      (1) 

We attribute the (001) peak at 2.8 nm–1 to alkyl chain stacking (d001 

= 2.2 nm), while the broad peak at 13.2 nm–1 has several possible 

contributors: an amorphous region of p-DTS(FBTTH2)2 or PC71BM, 

molecularly mixed domains of p-DTS(FBTTH2)2 and PC71BM, and 

scattering from the substrate. The (010) peak along 17.3 nm–1 

reflects π–π interchain stacking (d010 = 0.4 nm).14,15,35,58,59 This 

finding is consistent with the lamella structure of p-DTS(FBTTH2)2 in 

the DIO-processed films. We also calculated the relative crystallinity 

of each case that was determined using the area under the (001) 

diffraction peak divided by all the peaks’ area enclosed by curves 
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(see Fig. S4 in the supporting information) 

Fig. 5 show the line cut profiles for the DIO-processed films 

along the in-plane direction, qx, of the 2D GISAXS images present 

broad humps in the medium-q region (0.006–0.06 Å–1). Such broad 

humps can be attributed to the aggregation of PC71BM into 

nanoscale clusters.60 We used a poly-disperse sphere model having 

Schulz size distribution with hard-sphere interactions between 

PC71BM clusters to model I(Q)PCBM peak for obtaining  of the PC71BM 

clusters, indicated by equation (2): 

(2) 

where F(Q, σi)
2 is the form factor of a spherical PC71BM cluster 

having a diameter σi; H(Q, σi, σj) is the pair structure function 

describing the interaction between clusters with a Percus−Yevick 

approximation for hard-sphere interactions; V is the average cluster 

volume; and Δρ is the scattering length density contrast between 

the PC71BM cluster and the matrix. The fitting parameters η, R, and 

p are the volume fraction, mean radius, and poly-dispersity of the 

size distribution of the PC71BM clusters, respectively. The f(σ) is 

Schulz size distribution. The detail SAXS fitting model is described in 

previous reference.57 
Table 2 gives the whole sets of sizes for the p-

DTS(FBTTH2)2 and PC71BM in these BHJ  films.  

Considering the characteristics of these BHJ films (Table 2) and 

the device parameters (Table 1) altogether, the incorporation of a 

small amount, 0.5 wt%, of PS-b-PEO into the control film can induce 

Table 2 Characteristics of fiber size and relative crystallinity of p-
DTS(FBTTh2)2 and PC71BM cluster radius in bulk-heterojunction 
films. 

p-DTS(FBTTh2)2:PC71BM 

Fiber size 

Width/ 

Length
 a

 

[nm] 

Crystallinity
 

[%] 

PC71BM 

Cluster 

radius
b
 

[nm] 

Control N/A 33% 4 

DIO-processed 12/66 54% 6 

0.5wt%PS-b-PEO (DIO) 11/69 51% 9 

1.0wt%PS-b-PEO (DIO) 10/91 51% 8 

aDetermine from the TEM images; bPCBM cluster radius was 

calculated using a fractal poly-disperse aggregation model. 

 

a slightly larger phase-separation of p-DTS(FBTTH2)2 with the 

PC71BM as indicated by the PC71BM cluster size increases to 9 nm 

from 6nm for the case of the DIO-processed control film, an 

increase of 50%. While the p-DTS(FBTTH2)2 fiber size becomes a 

little bit finer than that in the case of DIO-processed control film, 

but the crystallinity of p-DTS(FBTTH2)2 in both cases are about the 

same. As a result, the device’s short current density and fill factor 

for the 0.5 wt% PS-b-PEO–incorporated and DIO-processed device 

increases to 17.4 mA/cm2 and 54.4%, respectively, from 14.7 

mA/cm2 and 46.3% for the DIO-processed control device without 

any PS-b-PEO, leading to a significant relative increase of 37% in 

PCE (from 5.3 to 7.3%). This increase in the short current density 

and fill factor of the 0.5 wt% PS-b-PEO–incorporated and DIO-

processed device can be attributed to the fact that the more 

intensive phase separation in the active layer that comprises larger 

fullerene cluster and aggregated small molecule crystals can 

provide optimum intertwined pathways for holes and electrons 

transport, as indicated by the large increase in the hole mobility for 

 

Fig. 5 2D GISAXS patterns of (a) control; (b) 0.5wt % PS-b-PEO; 

(c) DIO-processed; (d) 0.1wt % PS-b-PEO (DIO); (e) 0.5wt % PS-b-

PEO (DIO); (f) 1.0wt % PS-b-PEO (DIO); (g) GISAXS profiles of p-

DTS(FBTTh2)2:PC71BM containing various weight fractions of PS-

b-PEO, processed with and without the additive DIO. All of the 

profiles were fitted with calculated model intensities (solid 

lines). 
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the 0.5 wt% PS-b-PEO–incorporated case over that in the DIO-

processed case, which is consistent with the results of a previous 

study.61 In the case of 1.0 wt% PS-b-PEO–incorporated and DIO-

processed device, since the relative crystallinity of p-DTS(FBTTH2)2 

and PC71BM cluster size are about the same but the phase 

separation becomes severe, the short current density is thus 

reduced, as also indicated by the low hole mobility (see Table 1 and 

Fig. S5 in the supporting information). In Table 1, since with 

fullerene in the active layer the electron mobility is usually higher 

than hole mobility as reported by a previous study,62 increasing hole 

mobility will enhance balanced charge transport in the devices and 

thus results in higher Jsc and device efficiency. 

Conclusions 

A block copolymer, PS-b-PEO, can self-assemble into ordered 

structures having feature dimensions on the order of 10–100nm. 

We have taken advantage of the different polarities of the PEO and 

PS blocks of PS-b-PEO di-block copolymer that interact differentially 

with p-DTS(FBTTh2)2 and PC71BM, respectively, to tune the extent of 

the phase separation of the SMBHJ active layer by varying its 

amount— leading to optimized structure and enhanced device 

efficiency. Based on the AFM, TEM and GIWAXS/GISAXS results, the 

incorporation of a small amount, 0.5 wt%, of PS-b-PEO into the 

control active layer and processed with DIO can induce a slightly 

larger phase-separation of p-DTS(FBTTH2)2 with a large increase in 

the PC71BM cluster size and slightly more phase-separated p-

DTS(FBTTH2)2. A control device featuring p-DTS(FBTTH2)2:PC71BM as 

the active layer achieved a PCE of 2.1% and 5.3% without and with 

DIO additive processing, respectively.  Incorporating 0.5wt% of PS-

b-PEO in the p-DTS(FBTTH2)2:PC71BM active layer and processing 

with DIO solvent additive, we achieved a device PCE of 7.3% 

without the need to perform any annealing processes. When 

compared with the PCEs of the control and DIO-processed devices, 

the PCE of the device incorporating the DIO-processed, 0.5wt% PS-

b-PEO–containing BHJ active layer was enhanced by 3.5- and 1.4-

fold, respectively. Thus, incorporating this nanostructured block 

copolymer in the active layer allowed effective tuning of the active 

layer morphology and resulted in enhanced device efficiency. 

Experimental 

Materials 

The asymmetric PS-b-PEO diblock copolymer (Polymer Source) had 

molecular weights of PS and PEO blocks of 5000 and 5000 g mol–1, 

respectively. The p-DTS(FBTTh2)2 and PC71BM were purchased from 

1-Material and Solenne BV, respectively. All these materials were 

used without further purification. ZnO:PEI sol-gel was prepared by 

first dissolving zinc acetate dihydrate [Zn(CH3COO)2·2H2O (1.0 g)] in 

ethanolamine (0.28 g) and branched PEI  in 2-methoxyethanol (10 

mL), and then the two solutions being mixed together under 

vigorous stirring for 12 h. The detailed procedure has been reported 

previously.49 A p-DTS(FBTTh2)2:PC71BM (donor/acceptor) blend 

solution was prepared at a weight ratio of 3:2; it incorporated 0.1, 

0.5, or 1.0 wt % of PS-b-PEO and 0.4 vol % of DIO in CB at an overall 

concentration of 35 mg mL–1. 

Device fabrication 

The ITO-coated glass substrates were cleaned sequentially by 

detergent, deionized water, acetone, and isopropyl alcohol with 

ultrasonication, and then exposed to UV/ozone treatment for 15 

min to reform the surface. The prepared ZnO:PEI sol–gel was spin-

cast on the ITO-coated glass substrate (4000 rpm, 40 s). The film 

was annealed in air at 200 °C for 1 h. The thickness of the ZnO:PEI 

film was approximately 40 nm. The small molecule/fullerene blend 

solution was stirred overnight at 80 °C and heated at 90 °C for 15 

min before spin-casting. The SMBHJ film was obtained through spin-

casting (1500 rpm, 45 s) and then drying for 30 min. The final film 

thickness was approximately 110 nm. Device fabrication was 

complete after thermal evaporation of the P-type material 

(MoO3,10 nm) and the anode (Ag, 100 nm) under high vacuum (ca. 

10−7torr). A shadow mask was used during the thermal evaporation 

process to define a device area of 0.1 cm2. 

Device characterization 

The J–V characteristics were measured using a Keithley 2400 source 

meter. The photocurrent was measured under simulated AM 1.5 G 

illumination at 100 mW cm–2 using a Xe lamp–based 150-W solar 

simulator (Newport 66902). A calibrated Si photodiode with a KG-5 

filter was employed to confirm the illumination intensity. The 

spectral mismatch factor was calculated by comparing the solar 

simulator spectrum with the AM1.5G (ASTM G173) spectrum. We 

carried out the I-V measurement of the devices without using a light 

mask for setting the device area, and thus the edge of the devices 

might affect the device measurement results to some extent. We, 

however, compared the results on the same basis, and hence the 
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trend is reliable. EQEs were measured using an SRF50 system 

(Optosolar, Germany). A calibrated mono-silicon diode was used as 

a reference exhibiting a response at 300–800 nm. The thickness of 

the active layer in the device was measured using a Veeco Dektak 

150 surface profiler. Sample films were prepared by spin-casting p-

DTS(FBTTh2)2:PC71BM solutions onto either 4-cm2 quartz (for UV–Vis 

spectroscopy) or a silicon wafer [for AFM, and GIWAXS]. For 

preparation of TEM specimens, p-DTS(FBTTh2)2:PC71BM solutions 

were spin-cast onto ITO glass, which had a PEDOT:PSS layer on its 

surface. The films floated off the substrate after immersing the 

samples in deionized water; the floating fragment was collected on 

a TEM grid and dried under vacuum. We have tried to prepare TEM 

specimens by floating them from ZnO:PEI layer, but it is difficult to 

obtain the intact p-DTS(FBTTh2)2:PC71BM films on the copper grid, 

and thus we chose PEDOT:PSS as the substrate for the TEM sample 

preparations. The substrate can play a significant role in affecting 

morphology of the film that was deposited on its top, but its 

influence declined with the increasing film thickness. We prepared 

films with thickness about 95nm, and thus there are some substrate 

effects. On the other hand, we also compared the morphology 

results on the relative basis, and hence the effects on the relative 

differences in the morphology of the films can be minimized. A 

spectrophotometer (Hitachi U-4100) equipped with an integrating 

sphere was used to acquire UV–Vis absorbance spectra. Film 

morphologies were determined through AFM (Veeco Innova) 

performed in the tapping mode. TEM (JEOL-2010) images were 

recorded at a beam energy of 200 keV. GIWAXS analysis [X-ray 

beam energy: 10 keV (λ = 1.24 Å); incident angle: 0.15°] was 

conducted in BL23A SWAXS of the National Synchrotron Radiation 

Research Center (NSRRC), Hsinchu, Taiwan.  

SCLC mobility measurement 

The hole-only diodes structures were similar to that of the solar cell 

devices; we fabricated the hole-only devices with the structures of 

ITO/PEDOT:PSS/SM BHJ with PS-b-PEO/MoO3(10nm)/Ag(100nm). 

Dark J-V characteristics of the hole-only devices were measured and 

using the space-charge limited current (SCLC) model, as described 

by the Mott-Gurney law, � =
�

�
�����

	


��
, where J is the current 

density, ε0εr is the dielectric permittivity of the active layer (p-

DTS(FBTTh2)2:PC71BM blend with PS-b-PEO); L is the thickness of the 

active layer; μ is the zero-field mobility; V is the internal voltage in 

the device, and V = Vappl– Vbi – Vrs, where Vappl is the applied voltage, 

Vbi is the built-in voltage which resulting from the relative work 

function difference between the two electrodes, and Vrs is the 

voltage drop resulting from the relative work function difference. 
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