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Tuning the donor-acceptor (D-A) weight ratio is an essential step to optimize the performance
of a bulk heterojunction (BHJ) solar cell. The un-optimized regime with a low acceptor
concentration is generally unexplored despite it may reveal the early stage electronic D-A
interactions. In this study, PTB7:PC71BM is used to examine factors that limit the device
performance in un-optimized regime. The key limiting factor is the creation of traps and
localized states originated from fullerene molecules. Photothermal deflection spectroscopy
(PDS) is used to quantify the trap density. Starting with pristine PTB7, addition of small
concentration of fullerene increases the electron trap density and lowers the electron mobility.
When the D-A weight ratio reaches 1 : 0.1, fullerene percolation occurs. There is an abrupt
drop in trap density and simultaneously a six orders of magnitude increase in the electron
mobility. Furthermore, the fill factors of the corresponding photovolatic devices are found to
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anti-correlate with the trap density. This study reveals that electron trapping is the key
limiting factor for un-optimized BHJ solar cells in low fullerene regime.

1. Introduction

Organic photovoltaic (OPV) is an emerging renewable energy technology. With the use of
nontoxic organic materials, one can fabricate light, flexible, low-cost devices, and have good
performance in low light conditions.[1-3] The active layer of an OPV device, which converts
absorbed light energy into electrical energy, is usually prepared in the form of bulkheterojunction (BHJ).[4] In most of the OPV cells, the BHJ includes a blend of electrondonating polymer and electron-accepting fullerene with a suitable weight ratio. The BHJ
approach provides a much larger donor-acceptor (D-A) interface when compared to bilayer
device architecture. Furthermore, polymer and fullerene domains are formed on tens of
nanometers length scale.[5] The BHJ morphology plays important roles in both exciton
dissociation and charge transport processes.[6] Once the active layer absorbed light, excitons
are dissociated at the D-A interface to generate delocalized holes and electrons, which would
hop throughout the favorable transport sites in the donor and the acceptor domains,
respectively, and finally reach their corresponding electrodes to generate electricity.

In order to obtain an optimized BHJ morphology, different strategies such as tuning the D-A
weight ratio, annealing the as-cast active layer with different temperatures and solvents, using
high boiling point solvent additive with selective solubility, have been investigated and
employed extensively.[7-10] In general, a good BHJ morphology should fulfill several criteria:
compositionally graded in vertical direction for charge collection, suitable domain size for
exciton dissociation, and favorable molecular orientation for charge transport.[11-13] Within all
this possible strategies, tuning D-A weight ratio should be the most important and primary
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process during OPV devices fabrication. Yet the rule remains to be clearly established and it
is usually done on a trial-and-error basis.[14-17] The composition dependence of carrier
transport in polymer: fullerene BHJ films was initially reported by Brabec et al.[14] By timeof-flight photocurrent measurements, they revealed that the electron and hole mobilities
strongly dependent on the acceptor concentration. Chirvase et al. then studied the role of
composite weight ratio in poly(3-hexylthiophene) : [6,6]-phenyl-C61 butyric acid methyl ester
(P3HT : PCBM) BHJ solar cells.[15] It was observed that the variation of PCBM cluster size is
correlated with its concentration in the BHJ blend. The growth of the PCBM clusters leads to
the formation of percolation paths for charge transport and thus improves the photocurrent.
Since then, the correlation between photovoltaic properties and D-A weight ratios has been
investigated and reported by different groups.[6, 16-21] In a recent report by Hou et al., the effect
of D-A weight ratio on a high efficiency BHJ, namely PIDTDTQx : PC 71BM was analyzed.[21]
The change of OPV device performances, carrier mobility and surface morphology were
demonstrated. They proposed that the ambipolar charge transport characteristics of PC71BM
play an important role on charge transport. Also a balanced mobility between electrons and
holes is the key to obtain a good fill factor in OPV cells. A comprehensive understanding is
lacking so far for the evolution of BHJ, specifically, how the percolation pathway is formed as
PC71BM is introduced into the polymer matrix.[22-23] The common strategy to optimize the
blend composition is to establish a balanced charge transport. The question is whether a
balanced charge transport is sufficient for an optimum solar cell.

In this report, poly{4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl-alt-3fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl}:(6,6)-phenyl C71 butyric
acid methyl ester (PTB7:PC71BM) BHJ is chosen for investigation. This BHJ is one of the
most common and efficient materials used. With appropriate interlayers and a suitable solvent
additive, a power conversion efficiency (PCE) as high as 10.1% can be achieved.[24] In this
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paper we investigate the impact of D-A weight ratio on the performance of PTB7:PC71BM
BHJ OPV cells. With ultra-low dosages of acceptor (~0.1 wt%) added into PTB7, we reveal
the early stage of electronic process between donor and acceptor. Three distinct regimes can
be uncovered with respect to the fullerene content. We therefore performed carrier transport
measurements in these three regimes for correlating device performances to transport
parameters. The data indicate that the reduction of electron traps is the main factor that
abruptly changes the charge transport during the percolation of fullerene domains. With
photothermal deflection spectroscopy (PDS), subgap optical absorption spectra of the BHJ
with different D-A weight ratios were investigated. It is observed that the trap density is anticorrelated with the fill factor (FF) in all three regimes and a low electron trap density is the
key to obtain a high fill factor. Considering the observations, we propose that PC 71BM
molecules trend to intercalate with PTB7 instead of self-aggregates in the early state of BHJ
formation. These results provide insights into the BHJ formation, a full picture of charge
transport dynamics and new avenue to improve the photovoltaic performances of OPV
devices.

2. Results and Discussion

2.1. Effect of Donor : Acceptor Weight Ratio on Organic Photovoltaic Device
Performance

Organic photovoltaic (OPV) devices with a structure of ITO/PEDOT:PSS/PTB7:PC71BM
/LiF/Al were fabricated to investigate the photovoltaic properties at different D-A weight
ratios. In such a system, PTB7 acts as the electron donor while PC71BM acts as the electron
acceptor. (Chemical structures can be found in Figure S1) The thickness of the active layer
for each device was about 100 nm. Figure 1 summarized the device performances under the
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illumination of AM 1.5G, 100 mW/cm2. (All current-voltage characteristics and external
quantum efficiencies (EQE) are shown in Figure S4 and Figure S5 respectively) In general,
the open circuit voltage (Voc) monotonically decreases with increasing fullerene content,
ranging from 1.21 V to 0.67 V. In contrast, distinct peaks were observed for the short circuit
current density (Jsc), the fill factor (FF), and in the power conversion efficiency (PCE), and
these three parameters are correlated. For each parameter, three regimes can be identified:
(Regime I) For a polymer : fullerene weight ratio less than 1 : 0.1, Jsc increases gradually from
0.13 to 0.61 mA cm-2, and the PCE remains well under 0.1%. It should be noted that FF of
pure PTB7 device is 35%, but when a small amount of fullerene, even one per thousand of
content is added, the FF drops quickly to 25% and persists through this regime. (Regime II)
Further increase of the fullerene content leads to abrupt increases in J sc,, FF and PCE, to their
optimized values (Jsc = 17.0 mA/cm2V-1s-1, FF = 67% and PCE = 8.4%) at 1 : 1.5 D-A weight
ratio. (Regime III) Beyond the optimized D-A weight ratio of 1 : 1.5, more PC71BM produces
negative effects on the Jsc, FF and PCE. These three parameters drops monotonically as the
fullerene content further increases. For the pure fullerene OPV cell, only a PCE of 0.029%
can be obtained, which can be compared to the PCE of 0.054% for a pure polymer cell. The
values of Jsc, Voc, FF and PCE can be found in Table 1.

2.2. Electron and hole transport properties at different donor-acceptor weight ratios

To probe the charge transport properties of the blend films with different D-A weight ratios,
space-charge-limited-current (SCLC) model with traps was used to measure the zero-field
electron

mobility

in

electron-only

devices.

The

device

structure

ITO/Al/PTB7:PC71BM/LiF/Al was used to measure the current-voltage characteristics of BHJ
films. The LiF/Al act as cathode while the opposite Al layer act as hole-blocking but electron
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transporting layer. Electric-field dependent current of the samples were measured and carrier
mobilities were extracted using following equation:
9

𝐽𝑆𝐶𝐿 𝑑 = 8 𝜀0 𝜀𝑟 µ0 𝜃 𝑒𝑥𝑝(0.89𝛽√𝐹)𝐹 2

(1)

where JSCL is the space-charged-limited current density, d is the thickness of tested layer, ε0 is
the permittivity of vacuum, εr is the relative permittivity of the polymer, θ defines the fraction
of trapped carriers, μ0 is the zero-field mobility, β is the field-dependent coefficient, and F is
the average electrical field applied on the sample.[25-27]

The PC71BM content dependency of electron mobility at room temperature is shown in
Figure 2. Consistent with OPV device performances, the data also can be divided into three
distinct regimes: (Regime I) Electron mobility of pure PTB7 is 9.0 × 10-9 cm2V-1s-1. Upon
adding small amount of fullerene, the electron mobility dropped around two orders of
magnitude to 1.1 × 10-10 cm2V-1s-1 at relative fullerene ratio 0.1. Instead of promoting electron
transport, fullerene molecules under a low concentration suppress the electron mobility.
(Regime II) From D-A weight ratio 1 : 0.1 to 1 : 1.5, the mobility monotonically increase by
six orders of magnitudes with the PC71BM content. At a D:A ratio of 1 : 1.5, the electron
mobility reaches 2.2 × 10-4 cm2V-1s-1. This indicates that the electron transport pathway
undergoes percolation. (Regime III) At higher PC71BM contents the electron mobility
practically saturated in the order of 10-4 cm2V-1s-1, and reaching the ultimate value of 9.7 × 104

cm2V-1s-1 for pure fullerene. The value is consistent with that reported by Blom et al.[28]

Besides electron mobilities, we also constructed hole-only devices as shown in Figure S2. In
such a structure, PEDOT:PSS acts as the hole injection contact, while the thin layer of spiroTPD:CuPc acts as the electron blocking and trapping (EBT) layer to prevent electron leakage
from the Au cathode.[29] The zero-field hole mobility of pure PTB7 is 2.8 × 10-4 cm2V-1s-1,
which is comparable to the value reported by Yu et al. and our pervious results.[12,30] Adding
6

fullerene into BHJ film only shows small impact on hole mobility, which is within the range
between 10-4 - 10-5 cm2V-1s-1. From Figure 2, we can see that the variations of electron and
hole mobilities with the D-A weight ratios are fundamentally different. Hole conduction paths
are along or in between polymer chains like conduction rods. They are generally better
connected and therefore, hole mobility vary little with the D-A weight ratios. On the other
hand, electrons conduct between the fullerene domains, which can be modeled as small nanoparticles. A sharp rise in electron mobility should occur when the fullerene concentration
reaches the percolation threshold.

To further understand the electrical transport properties, temperature-dependent J-V
measurements between 226 K and 327 K were carried out. Gaussian disorder model (GDM)
was employed for analysis.[31] The model describes that charge carrier hop between discrete
transporting sites which are energetically Gaussian distributed, and the carrier mobility
depend on electric field and temperature as:
2𝜎

2

µ(𝐹, 𝑇) = µ∞ 𝑒𝑥𝑝 [− (3𝑘𝑇) ] 𝑒𝑥𝑝(𝛽√𝐹)

(2)

where μ∞ is the high-temperature limit mobility, σ is the energetic disorder parameter, k is the
Boltzmann constant, and T is the absolute temperature. At a low electric field, the later
exponential term vanished. From a plot of zero-field mobility (μ0) vs (1/T)2, the slope can be
used to extract σ and the y-intercept represents the μ∞. The extracted σ and μ∞ at different D-A
weight ratio are plotted in Figure 2 and S6 respectively. For electrons μ∞ follows the same
trend as μ0. The energetic disorder of holes remains in the range of 80-90 meV, while
energetic disorder of electrons shows a substantial reduction from 122 meV to 62 meV. The
reduction in electrons energetic disorder reflects a distinct change on energy width of the
electron hopping site manifold, which arises from interactions with its environment.[32] Using
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SCLC model with traps and GDM, we conclude that electron transport is the main factor that
varies at different D-A weight ratio, and well-correlated with OPV device performances.

2.3. Correlation between Subgap Optical Absorption and Fill Factors in OPV Devices

Additional insights on the formation of the BHJs can be obtained by studying their subgap
optical absorptions. For a semiconducting material with an energy gap (Eg), the absorptions
below Eg are generally related to traps or localized states.[33,34] To measure subgap absorptions,
we employ a highly sensitive technique, known as photothermal deflection spectroscopy
(PDS). Its principle of operation is well documented.[35-38] The experimental apparatus is
shown in Figure S7.

The PDS spectra of the BHJs are shown in Figure 4. For clarify, we only show three PDS
spectra for each regime. We observe that there is a noticeable increase in the subgap
absorption after the addition of fullerene molecules, especially before their percolation. To
quantify the increase in the subgap absorption, we estimate the nominal trap state density (N)
of the BHJ by the optical sum rule:[39]
𝑐𝑛𝑚

𝑁 = 2𝜋2 ħ𝑒 2 ∫ 𝛼𝑠𝑢𝑏 (𝐸) 𝑑𝐸

(3)

In Equation (3), E is the photon energy, c is the speed of light, n is the refractive index, m is
the effective mass of electron, e is the elementary charge, ħ is the Planck constant. αsub
denotes the subtracted subgap absorption by Urbach absorption. [𝛼𝑠𝑢𝑏 (𝐸) = 𝛼(𝐸) − 𝛼𝑢 (𝐸),
where 𝛼𝑢 = 𝛼0 𝑒𝑥𝑝(ℎ𝜈 − 𝐸𝑔 ⁄𝐸𝑢 ) for E < Eg, and Eu is the Urbach energy.][40] Such an
estimation of the trap density has been widely used for the characterization solar cell
materials.[33] More recently, these absorptions are also thought to be associated with chargetransfer (CT) states in BHJs. In principle, both traps and CT states can be observed by PDS.
However, in the present study, before the percolated pathways of PC71BM has been formed in
8

low doping ratios, the CT states are disconnected from the charge separation (CS) states and
therefore acting as electron traps to hinder the carrier transport.[41] Figure 5 shows the change
of trap densities at different D-A weight ratios. In order to highlight only the effect of
fullerene, the trap density of PTB7 is taken to be zero. In the same plot, we show the FFs of
OPV devices vs D-A weight ratios. One striking feature is the apparent anti-correlation
between the change in trap density and the FFs of OPV devices. Especially in regime II, the
trap density changes by an amount of about 1.3 × 1018 cm-3 while the FF improves abruptly
from 24% to 67%. The order of trap density is verified by estimating the fullerene cluster size
when percolation starts, as shown in Appendix. There are previous studies that also reported
OPV parameters in BHJ (including FF) show the same trend with trap density in the
device.[42-46]

Besides trap density, the added fullerene molecules give rise to new features in the PDS
spectra. In Figure 4, starting at a D-A weight ratio of 1 : 0.5, a broad peak centered at 1.1 eV
appears. A rational assignment is the energy location of localized CT states at the polymerfullerene interface.[47] A similar and related feature is located at about 1.5 eV. Addition of
more fullerenes does not affect these peak intensities, as most D-A interfaces are already
occupied. These peaks only disappear at high fullerene content due to much reduced D-A
interfaces. Finally, we note for the PDS spectra the occurrence of a peak at 0.9 eV. This peak
is very prominent for pure PC71BM. Its assignment is uncertain as it appears erratically. By
comparing the spectrum of pure fullerene to those previously reported for polymer of BHJ,
this peak may be due to the 2nd vibrational overtone of the –CH stretch in PC71BM.[48-50]

9

2.4. Impact of Donor : Acceptor Weight Ratios on Electron Transport Pathway
Percolation

Figure 6(a-f) shows the morphological data of BHJ films from atomic force microscopy
(AFM). For small fullerene content, the surface is smooth, with a roughness of around 0.6 nm,
indicating that PC71BM fully intercalates into the PTB7 backbone. When the fullerene content
reached the same amount as polymer, they form large domain aggregations, in the size of 10100 nm, and increase surface roughness, implied that the percolation of electron pathway in
fullerene. Recently, McGehee et al. purposed that the fullerene tends to dock with sterically
accessible acceptor moiety (Thienothiophene (TT) unit) of the donor-acceptor copolymer
PTB7, while the donor moiety (Benzodithiophene (BDT) unit) is sterically hindered due to
the branched alkyl substituents.[51] A simplified illustration can be found in Figure 7.
Combining the observations from carrier transport measurements, photothermal deflection
spectroscopy, and morphological analysis, we hereby proposed that the “docking interaction”
is driven by interaction between PTB7 and PC71BM. When small amount of fullerene is added
into the BHJ, instead of forming aggregation, the fullerene tends to dock with TT unit of
PTB7, until all the available seats are occupied. Once the fullerene cannot find the place to
dock, they start to aggregate and connect together, percolate into a complete electron transport
pathway. Figure 6(g) shows the schematic diagram of how electron transport pathway
percolates with fullerene content, in the means of transport energies and transport sites. For
clarify, we only show the lowest unoccupied molecular orbitals for PTB7 and PC71BM.
Without any fullerene, the electron conduction primarily occurs in the polymer sites. For
fullerene concentration below its percolation threshold, the fullerene molecules dock to the
TT unit of PTB7, serve as electron traps instead of promoting electron transport. A simplified
model is shown in Figure 7. When fullerene content are high enough, they start to aggregate
and percolation occurs, facilitates the electron transport in a lower energy level.
10

The mixing dynamics and percolation between PTB7 and PC71BM was further supported by
the steady-state photoluminescence, as shown in Figure 8. The peak around 770 nm (≈1.6 eV)
is the PL emission peak of PTB7.[52] Upon addition of one per thousand of PC71BM, the peak
decreased significantly by two-third, meaning that the generated exciton is efficiently
quenched. The emission is near completely quenched at a D-A weight ratio of 1: 0.3,
indicating the well mix of polymer and fullerene. Ade et al. also observed a 70:30 wt%
molecularly mixed matrix in PTB7 : PC71BM BHJ once the solvent additive 1,8-diiodooctane
(DIO) is added,[53] which is coincide with our observed percolation threshold and argument.

3. Conclusion

A detailed investigation was carried out to study the impact of donor-acceptor weight ratio on
the performance of PTB7 : PC71BM based OPV cells. Three distinct regimes can be
uncovered in terms of the electron transport pathway evolution. Using SCLC model with traps
to correlate device performances and transport parameters, we found that the hole mobility
only exhibit a slight reduction as the fullerene weight fraction is increased from 0-80%. In
contrast, the electron mobility exhibit three distinct regimes that correlates very well with the
change in device performances. Detailed OPV parameters were further analyzed. Among
them, JSC tracks the PCE closely, indicating exciton dissociation and transport are the most
critical factors in deciding the growth of PCEs. The unconnected fullerene domains play an
important role on electron transport which they act as traps and hindered electron mobiltiy.
From the photothermal deflection spectroscopy we observed that the subgap optical
absorption, which is a measure of the trap density, is well anti-correlated with fill factor of
OPV devices. The origin of low FF is mainly due to the electron traps and localized states
from fullerenes. Based on the observations, we proposed that PC71BM tends to intercalate
11

with PTB7 backbone instead of self-aggregates. This work not only demonstrates the
correlation between D-A weight ratios and BHJ device performances, but also reveals the
physical origins behind the changes.

4. Experimental section

Materials:

PTB7, PC71BM, CB, DIO, Spiro-TPD, PEDOT:PSS was purchased from 1-

Material, Nano-C, Sigma-Aldrich, Tokyo Chemical Industry Co., Luminescence Technology,
Heraeus respectively. These materials were used as received. CuPc was purchased from
Sigma-Aldrich, and was purified by sublimation before use.
OPV Cell Fabrication and Characterization:

The device structure of the OPV cell was

ITO/PEDOT:PSS/PTB7:PC71BM/LiF/AL. ITO patterned glass substrate was firstly cleaned
by deconex for 10 min at 120°C. The substrate was then cleaned by deionized water, acetone
in ultrasonic bath followed by UV-ozone treatment. PEDOT:PSS as anode buffer layer was
spin coated on the UV-treated substrate, forming a 30 nm film, followed by annealing at
140°C for 10 min in air. PTB7:PC71BM with different weight ratios were dissolved in
chlorobenzene. 3 vol% DIO was added to the solution. The solution was stirred at 70°C
overnight before filtering, then spin coated on PEDOT:PSS in a glove box to form a ~100 nm
BHJ layer. The sample was annealed at 40°C in a glove box overnight, then transported into a
thermal evaporator to coat LiF (1 nm) and Al (130 nm) on the BHJ layer under high vacuum.
Solar cell was characterized by AM 1.5 G simulator with an intensity of 100 mW cm-2.
Electron and hole mobility measurement by J-V SCLC measurements:

The device structure

is similar to the OPV device. For the electron-only devices, the PEDOT: PSS layer is
replaced by a 50 nm aluminum film serving as a hole blocking layer. Before spin coating the
active layer solution, a thin CB layer was spin coated firstly to promote the contact between
Al and BHJ blend. For hole-only devices, after the annealing active layer overnight, the
12

sample was transferred to high vacuum for thermal co-evaporation of a 10 nm spiroTPD:CuPc electron blocking and trapping layer. The coating rate of spiro-TPD and CuPc was
4.9 Å/s and 0.1 Å/s respectively. After device fabrication, the device was put in an Oxford
cryostat with a pressure of less than 20 mTorr for measurement. The temperatures of the
sample were regulated between 226 and 327 K.
External quantum efficiency (EQE):

Measurements were conducted with home-built

set-up equipped with 1000 W Xenon Arc Lamp (Newport) as light source, mono-chromator
(Zolix), optical chopper (ThorLabs), lock-in amplifier (Standard Research SR830), current
amplifier (Standard Research SR570) and calibrated Silicon and Germanium detectors
(ThorLabs). Current amplifier and a lock-in amplifier were connected in series with calibrated
Silicon and Germanium photodetectors to improve the signal-to-noise ratio for measurements.
Higher sensitivity settings were used with a longer time delay between measurement points
for the sub-band gap region. All EQE spectra were measured under zero voltage bias
condition.
Photothermal Deflection Spectroscopy(PDS):

PDS measurements were carried out with

a standard setup consist of 1 kW Xe arc lamp and a 1/4 m grating monochromator (Oriel) as
the tunable light source. The pump beam was modulated at 13 Hz by a mechanical chopper
before irradiating on the sample. Perfluorohexane was used as the deflection fluid. A
Uniphase HeNe laser was directed parallel to polymer sample surface as the probe laser. A
quadrant cell (United Detector Technology) was used as the position sensor for monitoring
the photothermal deflection signal of the probe beam. The output of the detector was fed into
a lock-in amplifier (Stanford Research, Model SR830) for phase-sensitive measurements. All
PDS spectra were normalized to the incident power of the pump beam. The experimental
apparatus can be found in Figure S7.
Steady-state Photoluminescence (PL):

The steady-state PL spectra were obtained with

Ocean Optics USB2000 spectrometer. Different D-A weight ratio precursor solutions were
13

spin-coated and formed thin film on quartz. The excitation laser was used and the detector
was located in front of films to acquire the PL signals. To compare those PL spectra of
different D-A weight ratios, all the measurements were carried out with the fixed setup,
including in the excitation source, detector and sample holder.
Atomic-force microscopy (AFM) surface morphology measurements:

The samples were

prepared by the same method as OPV devices, but without the top electrode. AFM images
were scanned by Veeco diMultimodeV with NanoscopeV controller. The E-scanner with
Appnano ACTA silicon probe scanned in tapping mode provided information of height and
phase within a size of 2 micrometers.
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Figure 1. Summary plots of PTB7:PC71BM OPV cells performance at different donor :
acceptor weight ratio.
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Donor-acceptor
weight ratio
1:0
1 : 0.001
1 : 0.01
1 : 0.05
1 : 0.08
1 : 0.1
1 : 0.3
1 : 0.5
1:1
1 : 1.5
1:3
1 : 10
1 : 30
0:1

Jsc [mA cm-2]

Voc [V]

FF [%]

PCE [%]

0.13
0.16
0.22
0.33
0.41
0.61
3.71
13.19
16.58
16.90
12.48
3.77
1.04
0.15

1.21
1.03
0.99
0.87
0.85
0.83
0.80
0.80
0.76
0.74
0.74
0.74
0.73
0.67

35
25
23
24
24
24
25
39
60
67
66
72
55
28

0.054
0.042
0.051
0.068
0.083
0.122
0.8
4.1
7.6
8.4
6.1
2.0
0.4
0.029

Table 1. Summary of the performances of OPV cells using PTB7:PC71BM as active materials
for different donor:acceptor weight ratio.
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Figure 2. Summary plots for transport parameters of BHJ films at room temperature (a) Zerofield mobilities, (b) Energetic disorders
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Figure 3. (a) J-V characteristics of PTB7:PC71BM electron-only device with different donor :
acceptor weight ratio at room temperature in a semi-log plot. The solid lines represent the best
fit to SCLC model with traps. (b) Zero-field electron mobility versus 1/T2. The solid lines are
best linear fits to the experimental data.
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Figure 4. Photothermal deflection spectroscopy spectra with different D-A weight ratios. The
region under curve shaded in pale blue indicates the trap states.
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Figure 5. Correlation between OPV device FF and calculated trap density from PDS signal
using optical sum rule
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Figure 6. (a-f) AFM images of BHJ films at different D-A ratio in height mode (g) Schematic
diagrams show the percolation of fullerene domains: Different hopping regimes in a
disordered host–guest system: Hopping via polymer sites; hopping via polymer sites in the
presence of a small amount of fullerene sites (trap-limited transport); hopping via both host
and guest sites; hopping via guest sites.
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Figure 7. A simplified model illustrating the interaction between PC71BM and the PTB7. As
shown in the picture, the fullerene prefers docking with the acceptor moiety (TT unit) of
PTB7, due to the steric effect from the long side chain in the donor moiety (BDT unit) of
PTB7.
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Figure 8. (a) Steady-state photoluminescence (PL) spectrum of BHJ films at different D-A
weight ratio, 403 nm laser was used to excite the film. (b) Normalized intensity value
comparison of PL spectrum at 775 nm .
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(b)

(a)
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Figure S1. Chemical structures of (a) PTB7, (b) PC71BM, (c) DIO (d) copper(II)
phthalocyanine

(CuPc),

and

(e)

N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)-9,9-

spirobifluorene (Spiro-TPD).
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(a)

(b)

(c)

Figure S2. Device structures of BHJ of PTB7:PC71BM. (a) OPV cell, (b) electron-only, and
(c) hole-only device for carrier transport evaluation, and their schematic energy levels. In (b),
the interlayer of spiro-TPD:CuPc act as an electron-blocking and trapping layer. In (c), a thin
layer of CB is spin-coated on the bottom Al electrode for better wetting.
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Figure S3. Ultraviolet-visible absorption spectra different D-A ratio, the film thickness were
kept around 100nm
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Figure S4. Current-voltage characteristics of OPV devices at different D-A ratios.
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Figure S5. External quantum efficiency curves of OPV devices at different D-A weight ratios.
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Donor-Acceptor
weight ratio
1:0
1 : 0.001
1 : 0.1
1 : 0.3
1 : 0.5
1:1
1 : 1.5
1 : 10
0:1

Electron mobility (cm2V-1s-1)

Energetic Disorder (meV)

9.0 × 10-9
2.6 × 10-9
1.1 × 10-10
2.2 × 10-8
4.0 × 10-6
1.9 × 10-5
2.2 × 10-4
4.1 × 10-4
9.7 × 10-4

122
100
91
87
85
88
81
63
62

Table S1. Summary of electron mobility and its energetic disorder of PTB7:PC71BM BHJ
films at different donor:acceptor weight ratio.
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Figure S6. High temperature-limit mobilities of electron and hole at different D-A weight
ratios
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Figure S7. Experimental set-up of photothermal deflection spectroscopy. The sample under
investigation was immersed in an inert, temperature sensitive deflection fluid. A mechanically
chopped, wavelength tunable light source (pump beam) was shined on the surface of the
sample periodically. Once there is heat released from nonradiative relaxation of photo-excited
carriers at certain wavelength, the temperature rise results a periodic change in the refractive
index of the fluid. A probe laser beam directed parallel to the surface of sample is used to
monitor the change of refractive index, and bent proportional to the temperature gradient of
the fluid near the sample surface.
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Appendix: Trap density to fullerene cluster size
Molecular Density of PC71BM = 1.44 × 1021 cm-3 ≈ 1 x 1021 cm-3
PTB7 molar mass = 757.11 g/mol
Mass Density of PTB7 = 1.33 g cm-3 (The value is from P3HT)
Molecular Density of PTB7 = 1.06 × 1021 cm-3 ≈ 1 × 1021 cm-3
Trap Density of pure PTB7 = 1.05 × 1018 cm-3
Trap Density at 1 : 0.3 = 2.12 × 1018 cm-3
Assuming
 [Trap Density at 1 : 0.3] = [Trap Density of pure PTB7] + [Trap Density from PC71BM
clusters]
[Trap Density from PC71BM clusters] = 1.07 × 1018 cm-3
 Molecular density of PC71BM in 1 : 0.3 BHJ film ≈ (1 × 1021 cm-3) × 0.3 = 3 × 1020 cm-3
 Say all PC71BM clusters contribute to traps,
[Number of PC71BM in each cluster]
= [Molecular density of PC71BM] / [Trap Density from PC71BM clusters]
= (3 × 1020)/(1.07 × 1018)
= 280 (PC71BM per cluster)
 One cluster volume = 5.04 × 10-23 m3
 Diameter of one cluster ≈ 50 nm
The order of diameter is in par with that reported by Ade et al.
Reference:
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