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ABSTRACT: A facile method is proposed to obtain modified shorn graphene oxide 

(DDAB-sGO) with improved dispersion in organic solvents. DDAB-sGO, which 

exhibits good dispersibility in the non-polar solvent o-dichlorobenzene (DCB), was 

obtained via the sono-Fenton reaction and didodecyl dimethyl ammonium bromide 

(DDAB) ionic functionalization. DDAB-sGO was used in the preparation of 

conjugated polymer:fullerene blend composites. UV-visible absorption spectra, 

steady-state photoluminescence spectra, fluorescence decay and grazing incidence 

X-ray scattering measurements were applied to characterize morphologies, structural 

features and charge transport characteristics of the composites. Doped into 

poly[[4,8-bis[(2-ethylhexyl) oxy] benzo[1,2-b:4,5-b'] dithiophene-2,6-diyl] 

[3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno [3,4-b] thiophenediyl]] 

(PTB7):[6,6]-phenyl C71 butyric acid methyl ester (PC71BM) conjugated polymer 

blends, DDAB-sGO is shown to facilitate increased crystallinity and phase separation 

of PTB7 and PC71BM to achieve a more optimal morphology for bulk heterojunction 

solar cells (PSCs) resulting in a ~12% enhancement in power conversion efficiency 

(PCE) over the undoped PTB7:PC71BM blend. 
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INTRODUCTION 
 
Graphene oxide (GO) is a layer-structured nonstoichiometric material obtained by an 

improved Hummers’ method from graphite.1 Recently, GO has attracted considerable 

attention in the fields of microelectronics, biosensors and organic optoelectronics,2-6 

mainly due to its superior properties, i.e. low cost, flexibility and large specific 

surface area, high dispersibility in water and adjustable band gap.7 The incorporation 

of GO with conjugated polymers to change the polymer films’ structure and charge 

transport characteristics is an effective way to obtain enhanced performance of 

organic optoelectronic devices.8-11 The structure of GO is a graphene sheet bonded 

with oxygen-containing groups, which allows GO to be used as a stably dispersed 

monolayer in water and other solvents. More specifically, GO has epoxy and hydroxyl 

groups in its basal plane and carbonyl and carboxyl groups on its edge.12 In 2011, 

Rourke et al. proposed a novel structural model of GO, in which oxidative debris was 

adsorbed on large alkali-washed GO surfaces by π-π stacking.13 However, the 

hydrophilic nature and large surface area of GO have side effects relating to its 

dispersion into nonpolar solvents, by contrast forming irreversible aggregation,14 thus 

blocking its path in the synthesis of GO/polymer composites. Functionalized 

modification of GO can not only improve GO dispersion in nonpolar organic solvents, 

but also expand the scope of applications of functionalized GO.15 There are several 

methods for the functionalization of GO broadly divided into covalent and 

noncovalent bond modification, with the latter further divided into ionic bonding,16 

intermolecular π-π stacking,17 hydrogen bond modification.2 Our team has previously 

reported a facile method to synthesize the cationic surfactant DDAB functionalized 

GO (DDAB-GO) and further synthesized 2-chlorophenyl isocyanate (CI)-DDAB-GO 
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by CI treatment, which improved GO dispersion and compatibility with a conjugated 

polymer in nonpolar solvents, and supported the oxidative debris model.18-20  

In this work, we have prepared small graphene oxide (sGO) sheets based on the 

sono-Fenton reaction and ethanol as the intermedium, then successfully transferred it 

from water to the nonpolar solvent, dichlorobenzene (DCB) forming stable 

dispersions. With the help of a cationic surfactant, didodecyl dimethyl ammonium 

bromide (DDAB), the DDAB functionalized shorn GO (DDAB-sGO) was obtained, 

which has improved compatibility with a conjugated polymer. DDAB-sGO was added 

into poly[[4,8-bis[(2-ethylhexyl) oxy] benzo[1,2-b:4,5-b'] dithiophene-2,6-diyl] 

[3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno [3,4-b] thiophenediyl]:[6,6]-phenyl C71 

butyric acid methyl ester (PTB7: PC71BM) conjugated polymer blends to improve the 

crystallinity and charge transport properties, resulting in an enhancement of the power 

conversion efficiency (PCE) of bulk heterojunction (BHJ) polymer solar cells (PSCs). 

 

EXPERIMENTAL SECTION 
 

Materials. The graphene oxide powder, which was claimed to be synthesized by an 

improved Hummer’s method, was purchased from XFNANO Materials Technologic 

Co. Ltd. (Nanjing, China). Didodecyl dimethyl ammonium bromide (DDAB) and 

o-dichlorobenzene (DCB) were supplied from Aladdin Corporation (Shanghai, China). 

PTB7 and PC71BM were purchased from Solarmer Materials, Inc. (Beijing, China). 

1,8-diodooctane (DIO) and iron(III) chloride (FeCl3) powder were purchased from 

Sigma-Aldrich Corporation (USA). Dialysis tubing (3500D) purchased from Yuanye 

Biological Technology Co. Ltd. (Shanghai, China) was rinsed with deionized (DI) 

water while other materials mentioned above were used as received. 

Prefabrication of sGO and DDAB-sGO. The sono-Fenton reaction was modified 
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to easily synthesize the small graphene oxide (sGO) sheets.21 10 ml H2O2 (30% wt.) 

was added to 50 ml 0.5 mg/ml GO solution followed by magnetic bar stirring. Sodium 

hydroxide (NaOH) solution was added dropwise to the mixed solution to adjust the 

solution pH to ~ 7. After 2.5 ml FeCl3 (2 mg/ml) was added with continuous stirring 

for 30 minutes, the solution was kept in an ultrasonic (200 W) water bath for at least 

four hours. The reaction products were dialyzed for 2 days to remove iron ions to 

obtain a 0.4mg/ml sGO solution. 

8 ml DDAB/(water/alcohol) (1:1) solution (1 mg/ml) was added to 10 ml 0.4 mg/ml 

sGO solution and the mixture was shaken for several minutes to accomplish the ionic 

functionalization process. Small brown particles appeared and then 4 ml DCB was 

added followed by stirring for six hours. After resting until the clear phase separation 

appeared (~12 hours), 1 mg/ml DDAB-sGO/DCB solution was obtained after the 

upper transparent layer was removed. 4 ml anhydrous ethanol was added with 

water-bath ultrasonic treatment (200W) for 5 minutes, and then 4 ml DI water was 

added and the solution stirred for 4 hours. The transparent upper-layer solution was 

removed after 2 hours. The purification process was repeated at least three times to 

obtain high purity DDAB-sGO/DCB with a concentration of ~1 mg/ml. 

Photophysical Characterization. Transmission Electron Microscope (TEM) 

images were taken using a JEM-100CX II TEM (JEOL). The Atomic Force 

Microscopy(AFM) images were obtained using the tapping mode of a Multimode 

Scanning Probe Microscope (NanoScope-IIIA, Veeco Metrology Group). Fourier 

Transform Infrared (FTIR) spectroscopy was performed on KBr wafer substrates and 

recorded under the single channel mode of the FTIR Spectrometer (Vertex-70, Bruker, 

Co.). The UV-vis absorbance and the steady-state photoluminescence (PL) spectra 

were recorded on either a UV-visible dual-beam spectrophotometer (TU-1900, PG 
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Instruments Co., Ltd.) or a fiber optic spectrometer (PG2000 Pro, Idea Optics Co., 

Ltd.). The excitation laser was the output of a frequency doubled femtosecond 

Ti-sapphire laser (Maitai HP, Spectra-Physics) at 80 MHz. Time-resolved 

photoluminescence (TRPL) decay profiles and 2D time-resolved fluorescence images 

were obtained by confocal optical microscopy (Nanofinder FLEX2. Tokyo 

Instruments, Inc.) combined with a time-correlated single-photon counting (TCSPC) 

module (Becker & Hickl, SPC-150, ANDOR DU420A-OE, excitation wavelength at 

500 nm, detection wavelength at 725 nm). 

Grazing Incidence X-ray Scattering (GIXS) Measurements. The active layer 

solution was spin-coated on the Si wafers to prepare samples for Grazing Incidence 

X-ray Scattering (GIXS) measurements. Both wide angle and small angle GIXS 

(GIWAXS and GISAXS) measurements of samples were recorded at the Shanghai 

Synchrotron Radiation Facility (SSRF). The photon wavelength of the BL16B1 

beamline is 0.124 nm. The scattering intensities of samples were measured by a CCD 

detector (MAR-165) with a pixel size of 80 µm. The 2D-GISAXS measurements were 

carried out by setting the incidence angle of the X-ray beam to be 0.12°	and the 

sample-detector distance to be 2500 mm, the 2D-GIWAXS measurements data were 

typically collected for 200 s when the incidence angle was 0.3 °	 and the 

sample-detector distance was 200 mm. The 1-D data were analyzed by the software 

Q2d and the 2-D image analysis was exported by the software Fit2d. 

Fabrication and Characterization of Organic Solar Cells. The PTB7:PC71BM 

(1:1.7)22 composite (27 mg/ml) was dissolved in DCB and DIO (97:3), then mixed 

with 1mg/ml DDAB-sGO solution for characterization purposes and solar cell devices. 

The PSCs were fabricated with an inverted sandwich structure of ITO/ZnO (40 

nm)/active layer (100nm)/MoO3 (7.5 nm)/Ag (100 nm). The ITO substrates (sheet 
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resistance 15 Ω∙square−1) were prepatterned on glass by the manufacturer and cleaned 

sequentially with detergent, deionized water, acetone, absolute ethyl alcohol, and 

isopropanol in an ultrasonic treatment for 20 minutes each time. The electron 

transport layer (ZnO) and active layer were spin-coated in a N2 filled glove box.23 The 

hole transporting layer (MoO3) and anode electrodes (Ag) were then deposited by 

thermal evaporation in a vacuum cavity with a base pressure < 1.5 × 10 −6 Torr at the 

evaporation rate of 1.2 and 0.3 Å/s, respectively. Each organic solar cell has the same 

effective area of 2x2 mm. The current density-voltage (J−V) characteristics of the 

devices were measured by a programmable voltage−current sourcemeter (2400, 

Keithley Instruments Inc., Cleveland, OH, U.S.A.) under AM 1.5G illumination of 

100 mW/cm2 provided by a Xenon lamp solar simulator (Sofn Instruments Co., Ltd. 

China). The charge carrier mobilities were measured from the hole-only devices and 

electron-only devices in the dark and extracted by the space charge limited current 

(SCLC) model.24-30 The external quantum efficiency (EQE) profiles of the devices 

were measured by a QEX10 system (PV Measurement, Inc.) in air at room 

temperature. 

 

RESULTS AND DISCUSSION 
 
Figure 1a presents the molecular structures of GO and DDAB, while Figure 1b 

illustrates the reaction pathway from GO to DDAB-sGO. Large-dimension 

(micrometer size) GO was disintegrated into small GO particles (sGO) through the 

sono-Fenton reaction. The DDAB cations with two long alkyl chains (hydrophobic 

groups) are mainly attached to the ionized carboxylic anions at the edge of the sGO 

sheets through ionic bonds during the functionalization procedure with DDAB. With 

the help of ethanol as a medium, the transfer of DDAB-sGO from water to DCB can 
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be further achieved.18,31,32 

AFM images of sGO and DDAB-sGO films are shown in Figure 2a,b. The height 

profiles corresponding to the red lines are shown in Figure 2c,d indicating that both 

sGO and DDAB-sGO sheets are predominantly mono-layered with a thickness of 

approximately 1~2 nm.33 The thickness of DDAB-sGO (~1.8 nm) is larger than that 

of sGO (1.2 nm), indicating the grafting of chemical groups to the basal plane of sGO 

sheets after DDAB treatment. In addition, Figure 2a shows that the phase size of sGO 

is quite mixed after the sono-Fenton reaction. Once sGO was ionically functionalized 

by DDAB, the phase size of DDAB-sGO (shown in Figure 2d) is similar (~24 nm) 

but more uniform, which is consistent with the TEM image (insert in Figure 2b) and 

indicates the DDAB ion functionalization selected the sGO sheets with similar phase 

size. 

The main absorption band in the UV-vis absorption spectra (Figure 2e) of GO, 

sGO and DDAB-sGO films, is attributed to the π–π transition of the C=C bond and 

has a peak at 226 nm for GO.34 From GO to DDAB-sGO, the absorption peak at 

approximately 300 nm, corresponding to the n–π transition of C=O, almost disappears 

while the π–π transition peak position obviously blue-shifts to below 200 nm, which 

both indicate the diminution of sp2 conjugation domains. The FTIR spectra of 

DDAB-GO (Figure 2f) have characteristic bands at 1732 cm-1 corresponding to 

the >C=O stretching mode from the carboxyl and carbonyl groups of GO and at 1611 

cm-1 corresponding to the C=C stretching mode from the π–π stacking. The FTIR 

spectrum of DDAB-sGO exhibits band maxima at 1736 cm−1 and 1644 cm−1 that are 

less apparent than the corresponding bands in DDAB-GO because of the decreased 

domain size. The band peak observed at 1611 cm−1 of DDAB-sGO shifts to 1644 

cm−1, which is also attributed to the decreased conjugate phase size in DDAB-sGO.21 
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PTB7 is a well-known conjugated polymer with good electrical and optical 

properties that has been widely used in organic electronics.35 DDAB-sGO was added 

into the PTB7:PC71BM system to explore its impact on photophysical behavior and 

potential for photovoltaic applications. The optical microscopy images of 

PTB7:PC71BM and PTB7:PC71BM:1% DDAB-sGO blend films are shown in Figure 

3a,b, respectively. The surface morphology of PTB7:PC71BM:1% DDAB-sGO is 

comparable to that of pure PTB7:PC71BM films except for several dark spots 

attributed to PC71BM aggregates. The changes (characterized by AFM) in surface film 

morphology before/after DDAB-sGO incorporation are shown in Figure 3c,d, 

respectively. The Rq (the root mean square of the roughness) is 2.95 nm for PTB7: 

PC71BM and 3.08 nm for PTB7: PC71BM: 1% DDAB-sGO films, revealing a slightly 

increased roughness induced by the addition of the DDAB-sGO. The incorporation of 

DDAB-sGO not only has little detrimental effect on the morphology of conjugated 

polymer films, but also promotes PC71BM aggregation, which is often beneficial to 

charge transport. 

The absorbance and molecular interactions of composites in PTB7:PC71BM films 

with/without DDAB-sGO incorporation are identified through UV-vis absorption 

(shown in Figure 3e,f). The UV-vis absorption spectra (Figure 3e) show clearly 

enhanced absorbance attributed to DDAB-sGO in the PTB7:PC71BM conjugation 

blend films with the same thickness. The enhanced interchain interaction is sensitive 

to the improved CT state at the donor/accepter interface and the charge carriers’ 

transport progress. Previously, Spano et al. reported that the interchain coupling and 

the degree of structural order can be reflected in the absorption ratio36,37 of two peaks 

(shown in Figure 3f), whose intensities are denoted I0-0 and I0-1, which are attributed 

to the transitions between the ground state and the first two vibronic levels of the 
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excited state.38-40 The spectra, normalized at the 0−1 transition peak intensity to 

simplify the comparison of the relative 0-0 peak intensities, are shown in Figure 3f 

and can be used to evaluate the intrachain interactions of PTB7:PC71BM blend 

films.40,41 The magnitude of the I0–0/I0–1 ratio reflecting the size of the aggregate for 

PTB7:PC71BM:1% DDAB-sGO film is obviously higher than that for pristine 

PTB7:PC71BM film, while the 0-0 peak red-shifts slightly from 682 nm to 685 nm. 

We assume that this behavior is due to an increase in the size of the aggregates in the 

PTB7:PC71BM blend films. The numerous sp2 conjugation domains in DDAB-sGO 

sheets provide an ideal platform for assembling polymer chains via π-π stacking,42 

which explains increased interchain interactions and a higher crystalline content of 

PTB7 induced by DDAB-sGO. 

The time-resolved fluorescence images (detection wavelength at 725nm) for 

PTB7:PC71BM and PTB7:PC71BM:1% DDAB-sGO blend films are shown in Figure 

4a,b, respectively. The corresponding average fluorescence lifetime distribution 

histograms extracted from the lifetime images are shown in Figure 4c. The average 

lifetimes of the PTB7:PC71BM film are centered around 42-53 ps with a peak at 47 ps, 

while the distribution is in the range of 34-45 ps with the peak shifted to ~39 ps when 

DDAB-sGO was incorporated. This reduction in the average emission decay time 

indicates that the presence of DDAB-sGO can promote rapid exciton dissociation at 

the donor/acceptor interface.43 Fluorescence decay curves44 (Figure 4d), 

corresponding to marked regions within the two images, confirm that the fluorescence 

of the PTB7:PC71BM film decays more rapidly with the incorporation of DDAB-sGO. 

The parameters fitted by fitting a double exponential decay function are presented in 

Table 1. The reduced average fluorescence decay time of the PTB7:PC71BM:1% 

DDAB-sGO blend film is partly attributed to the optimized morphology, which 
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provides more donor/acceptor interface area for photo-excitons dissociation. And in 

our previous work, we have measured the energy level of DDAB functionalized GO 

by cyclic voltammograms (CV) method, whose LUMO is -3.6 eV and lower than that 

of PTB7 (-3.3 eV).20 Therefore, it is also partly attributed to electron transfer from 

photo-excited PTB7 to DDAB-sGO. These results suggest the possible applications of 

the addition of small DDAB-sGO in polymer optoelectronic devices for electron 

collection and transportation.45,46 

The 2-D GIWAXS spectra are used to investigate the crystallinity and molecular 

orientation of these composite films systematically.47 In Figure 5a,b, pronounced 

out-of-plane arc-like scattering peaks (100) arising from the Bragg diffraction of 

periodic PTB7 lamellae are observed at q = 2-3 nm-1, and small reflection peaks (010) 

are observed at q = 14-16 nm-1. The scattering intensity of the (100) peaks increased 

significantly after adding DDAB-sGO, suggesting this addition enhanced the 

molecular stacking and crystallinity of the PTB7 copolymers. The small reflection 

peaks (010) show little obvious change upon the addition of DDAB-sGO. The spectra 

of the polymer:PCBM blend films (Figure 5c,d) also exhibit an enhanced scattering 

peak at q =13-14 nm-1 corresponding to the Bragg diffraction of PC71BM. The 

incorporation of small DDAB-sGO leads to not only increased local ordering and 

crystallinity but also larger phase separated domain sizes of both PTB7 and PC71BM, 

which improves the charge transfer and collection efficiency of PSCs. 

Figure 6 shows the 2-D GISAXS images which provide quantitative information of 

domain size and the corresponding integrated profiles along the qxy direction in 

PTB7:PC71BM films.48 The reinforced scattering in the low-q region (shown in 

Figure 6a,b) is attributed to PC71BM aggregates caused by the improved phase 

separation in the PTB7:PC71BM system.49,50 To obtain detailed structural information 
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of PC71BM aggregates, the Guinier approximation was applied to calculate the radius 

of gyration (Rg) of a PC71BM cluster： 

$%	&'&()) = $%+'&0)- − /2
1 (2

                                           （1） 

where q is the coordinate along the projection direction, I(q) is the scattering intensity 

and R is the radius of PC71BM clusters.51 The value of R is obtained by taking the 

slope of the linear correlation between ln(I(q)) and q2 using Equation (1). Two fitting 

lines are used to decrease experimental error. After the incorporation of 1% 

DDAB-sGO, the average radius of PC71BM domains increases slightly from 24.25 nm 

to 27.67 nm. Combined with the results of the AFM image (Figure 3d), it is the 

evident that the incorporation of DDAB-sGO induces more PTB7 molecules to be 

expelled away from the PC71BM clusters. It explains an increased phase size and 

crystallinity of PC71BM, which may improve the electron mobility. Increased phase 

size of PTB7 and PC71BM allows a larger phase separation of PTB7 and PCBM but 

optimized surface morphology. 

The energy-level diagram for the individual components of inverted BHJ PSCs52,53 

based on PTB7:PC71BM blend films are depicted in Figure 7a. Figure 7b shows the 

dark current characteristic curves from hole-only and electron-only devices corrected 

by V-Vbi, which indicates the charge carrier mobilities calculated from the SCLC 

measurement. The hole and electron mobilities are extracted using the Mott-Gurney 

law:  

2 = 3
4 5567

89
:;                                                     （2） 

where 	56	is the vacuum dielectric constant of 8.85×10-12 F/m, 5	 is the relative 

permittivity of the polymer film (assumed as 3),29,30,54-56 d is the thickness of sample 

films and 7	is the charge carrier mobility summarized in Table 2. Compared with the 
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control group devices, the hole mobility of devices with DDAB-sGO added is raised 

from 1.23×10-4 cm2V-1s-1 to 2.63×10-4 cm2V-1s-1, while the electron mobility is raised 

from 2.14× 10-4 cm2V-1s-1 to 4.19× 10-4 cm2V-1s-1. With the incorporation of 

DDAB-sGO, the improved crystallinity of both PTB7 and PC71BM can raise the 

charge mobility and further promote more balanced charge carrier transport in the 

vertical direction, while the optimized phase separation of PTB7 and PC71BM can 

facilitate the exciton diffusion to polymer/fullerene interfaces, both of which can 

decrease the current loss and increase the Jsc of OSCs.57,58 The current density-voltage 

curves and EQE of PSCs with the best PCE are shown in Figure 7c,d, while the 

device performance parameters including the average and best values of short-circuit 

current density (Jsc) , open-circuit voltage (Voc), fill factor (FF), PCE are summarized 

in Table 2.59 After adding DDAB-sGO, the Jsc increases markedly from 14.1 to 15.8 

mA/cm2 and the FF increases slightly from 67 to 68%, enhancing the PCE by ~12% 

(from 7.05% to 7.9%). The significant performance improvement of PSCs is 

attributed to the enhanced light absorption (confirmed by EQE) and improved phase 

separation of PTB7 and PC71BM with an optimized morphology induced by the small 

DDAB-sGO sheets. 

 

CONCLUSIONS 
 
We have demonstrated a facile and effective route for synthesizing small-sized and 

functionalized graphene oxide (DDAB-sGO) sheet dispersions in a nonpolar solvent, 

which is based on the sono-Fenton reaction and DDAB ionic functionalization. The 

presence of DDAB-sGO is suggested to facilitate increased crystallinity and phase 

separation of PTB7 and PC71BM and further enhance the charge transport and 

collection efficiency, leading to an improved performance of organic solar cells by 
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~12% PCE. 
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Figure 1. (a) Molecular structures of graphene oxide and DDAB; (b) synthetic 

procedure for producing DDAB-sGO from GO. 
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Figure 2. (a, b) AFM images and (c, d) height profiles of sGO and DDAB-sGO (Inset 

shows TEM image of DDAB-sGO.); (e) Normalized UV-vis absorption spectra of 

graphene oxide(GO), sGO and DDAB-sGO films; (f) FTIR spectra of DDAB-GO and 

DDAB-sGO films. 
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Figure 3. (a, b) Optical microscopy images, (c, d) AFM images, (e) UV-vis spectra 

and (f) normalized UV-vis spectra (wavelength from 550 nm to 710 nm) of 

PTB7:PC71BM (left panels) and PTB7:PC71BM:1% DDAB-sGO (right panels) films. 
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Figure 4. (a, b) 2-D images (20x20µm) with (c) distribution histogram of average 

fluorescence lifetimes and (d) corresponding fluorescence decay profiles in the 

selected spots (marked with red dotted circles) of PTB7:PC71BM and 

PTB7:PC71BM:1% DDAB-sGO films. (The intensity values are presented on a 

logarithmic scale.) 

 
Table 1. Fitting parameters for corresponding fluorescence decay profilesa of 

PTB7:PC71BM and PTB7:PC71BM:1% DDAB-sGO films  

 
 A1 (%) τ1 (ps) A2 (%) τ2 (ps) ta (ps)b 

PTB7:PC71BM 89.7 33.6 10.3 177.1 48.3 

PTB7:PC71BM:1%DDAB-sGO 91.5 25.3 8.5 172.9 37.9 

aDecay profiles is fitted by	I&t) = A1	exp	&−C1/t) E A2	exp	&−C2/t). 
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bThe average lifetime ta is calculated from the equation: ta = A1C1 E A2C2. 

 
 
Figure 5. 2-D GIWAXS images of (a) PTB7 and (b) PTB7 with 1% DDAB-sGO 

films, (c) PTB7:PC71BM and (d) PTB7:PC71BM with 1% DDAB-sGO blend films 

(the intensity projection along qz); (e, f) the corresponding intensity projections along 

the vertical direction. 
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Figure 6. 2-D GISAXS images of (a) PTB7:PC71BM and (b) 

PTB7:PC71BM:1%DDAB-sGO blend films; (c) the corresponding integrated profiles 

along qxy direction; (d) plots of ln I(q) versus q2 for the blend films, fitted by the 

Guinier approximation (straight lines). 
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Figure 7. (a) Energy levels diagram, (b) SCLC measurement data for charge carrier 

mobility, (c) J-V characteristic (Inset shows the schematic diagram of the device 

structure.) and (d) EQE of solar cells based on PTB7:PC71BM and 

PTB7:PC71BM:1%DDAB-sGO with the best PCE. 

 
Table 2. The performance parameters of PSCs based on PTB7:PC71BM blend 
films with and without DDAB-sGO incorporation  
 

 VOC（V） JSC (mA/cm2) FF (%) PCE (%) µh (cm2V-1s-1) µe (cm2V-1s-1) 

PTB7:PC71BM Averagea 0.74±0.01 14.1±0.2 67±1 7.05±0.05 1.23×10-4 2.14×10-4 

Best PCEb 0.74 14.3 67.2 7.1   

PTB7:PC71BM:1% DDAB-sGO Average 0.74±0.01 15.8±0.3 68±2 7.9±0.3 2.63×10-4 4.19×10-4 

Best PCE 0.74 16.1 68.8 8.2   

aThe “Average” values are obtained by measuring 20 devices.  

bThe “Best PCE” are values of the devices with the highest PCE. 
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