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The effects of a solvent additive, 1,8-diiodooctane (DIO), on both hole and electron transports 

in a state of the art bulk-heterojunction (BHJ) system, namely PTB7:PC71BM.  For a 

polymer:fullerene weight ratio of 1:1.5,  the electron mobility in the blend film increases by 

two orders of magnitude with the DIO concentration while almost no change is found in the 

hole mobility. For lower DIO concentrations, the electron mobility is suppressd because of 

large, but poorly connected PC71BM domains. For higher concentrations of  DIO, the electron 

mobility is improved progressively and the hole mobility becomes the limiting factor. 

Between 1.5 - 4 vol%, the electron and hole mobilities are balanced. Using the Gaussian 

disorder model (GDM), we found that the DIO concentration modifies fundamentally the 

average hopping distances of electrons. In addition, there exist alternative donor-acceptor 

ratios to achieve optimized PTB7:PC71BM based solar cells. We demonstrate that the 

fullerene content of the BHJ film can be significantly reduced from 1:1.5 to 1:1 while the 

optimized performance can still be preserved. 
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1. Introduction 

 

Organic solar cells are attractive clean energy sources.
[1] 

They are light, flexible, and have the 

potential for roll-to-roll processing. In polymer-based organic solar cells, devices are often 

prepared in the form of bulk heterojunction (BHJ) in which a sunlight-absorbing polymer is 

uniformly blended with a fullerene.
[2]

 During the past few years, power conversion 

efficiencies (PCEs) exceeding 10% in BHJ have been demonstrated.
[3]

 To achieve such a high 

PCE, solvent additives are always needed into the casting solution containing the BHJ.
[4,5,6]

 In 

the well-known poly{4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl-alt-3-

fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl}:(6,6)-phenyl C71 butyric 

acid methyl ester (PTB7:PC71BM) BHJ blend, 1,8-diiodooctane (DIO) is known to be the 

most common and effective additive so far. [Chemical structures of PTB7, PC71BM, and DIO 

are shown in Figure S1(a), (b), and (c) respectively] With about 3 vol% DIO by volume in 

chlorobenzene (CB) as the casting solvent, the BHJ of a PTB7 single junction cell can achieve 

a PCE of 7.4 %. However, when pure CB is used as the solvent, only a PCE of about 3.9 % 

can be obtained.
[7,8]

 

 

Various characterization tools, including X-Ray scattering,
 
transmission electron microscopy 

(TEM),
 
scanning electron microscopy (SEM), atomic force microscopy (AFM), have been 

applied to study the nanoscale morphology of the BHJ films with and without DIO.
[7, 9-13]

 

According to these morphological studies, DIO additive suppresses the nanoscale aggregation 

of the fullerene domains, and induces finer size mixing and larger PCEs.
[14-16]

 In a recent 

report, the effects of DIO concentrations on another BHJ, namely PBDTTT:PC71BM, were 

analyzed.
[17] 

It was found that increasing DIO concentration decreases the sizes of PC71BM 

domains, and leads to strongly enhanced donor-acceptor interface, which is similar to some of 
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the basic conclusions from some morphological studies. Their study is also supported by field 

dependent photogeneration as recombination measurement.  

 

Despite these insights from the morphological properties of the BHJ films and recombination 

study, few reports have been devoted to investigate the corresponding charge transport 

properties resulting from the processing additives.
[17-19]

 This report addresses the fundamental 

issue of how DIO in the casting solution modulates electron/hole transport in such a BHJ film. 

In the absence of DIO, we found that electron and hole mobilities (μe and μh) of the BHJ are 

highly imbalanced, and μh is 1.5 orders larger than μe. When 3 vol% of DIO is added in 

casting solution, the resulting BHJ film has greatly enhanced μe which becomes comparable to 

μh, leading to a balanced μe and μh. Increasing DIO beyond 3 vol% in the casting solution 

further increases μe, but has neglectable impacts on μh. For the PCE, only a minor reduction 

can be observed. Our results suggest that presence of DIO in CB indeed prevents the 

aggregation of PC71BM into large domains with finer PC71BM domain sizes. The resulting 

fullerene phase in the BHJ is better connected with reduced hopping distances for electrons, 

and an enhanced average electron mobility and PCE. Furthermore, the PCE of PTB7 based 

solar cell appears to be limited by hole transport as further increase in μe by increasing DIO 

concentration does not improve the overall PCEs. 

 

2. Results and discussion 

 

2.1. Effects of DIO on organic photovoltaic device performance 

 

Figure 1 shows the current-voltage (JV) characteristics of BHJ solar cells from 

PTB7:PC71BM (1:1.5 by mass) under illumination. For clarify, we only show three samples 

prepared without, with 3 vol%, and 10 vol% of DIO in the corresponding casting solutions. 

(Device structures, all JV curves, and external quatum efficiencies (EQE) are shown in Figure 
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S2(a) and S3 respectively) All three samples have similar open-circuit voltages (VOC) of 

about 0.76 V. However, they have remarkably different short-circuit current densities (Jsc) and 

fill-factors (FF). For the sample without DIO in the processing solution, Jsc is only 11.6 mA 

cm
-2

, and a FF of 47.9 %, resulting in an overall PCE of only 4.2 %. However, the Jsc is 

markedly increased with additional 3 vol% DIO, from 11.6 to 16.5 mA cm
-2

 and a FF of 

56.7%. Further increasing in the concentration of DIO results in reduction of Jsc. For example, 

with 10 vol% DIO in the casting solution, Jsc is reduced to 14.8 mA cm
-2

, although it is still 

significantly higher than the case without DIO. Table 1 summarizes the photovoltaic 

performance. In general, the addition of DIO is beneficial to PTB7:PC71BM organic 

photovoltaic (OPV) cells which has a wide processing window (3-10 vol%). Within this 

volume fraction of DIO in CB, the PCE remains above 6.7%. 

 

2.2. Measuring electron and hole mobilities by admittance spectroscopy 

 

To probe how DIO modulates the carrier transports properties in BHJ films, we used 

admittance spectroscopy (AS) to measure the electron or hole mobilities of the BHJ 

films.
[20,21]

 Hole transport was probed using the hole-only device structure as shown in Figure 

S2(b). In this structure, PEDOT:PSS acts as the hole injection contact, while the thin layer of 

spiro-TPD:CuPc acts as the electron blocking and trapping (EBT) layer to prevent electron 

leakage from the Au cathode.
[22]

 Under a forward DC voltage bias with a small AC 

perturbation, typical modulation frequency-dependent capacitances can be observed for all 

samples as shown in Figure 2(a). From a plot of negative differential susceptance (–ΔB) vs 

frequency (f), a maximum in –ΔB plot (Figure 2, insets) defines the corresponding frequency 

fr which can be used to compute the carrier transit time using the relationship τh  = 0.56 fr
-1

.
[21]

 

The hole mobilities can be computed by the relation μh = d
2
/τhVdc where d is the thickness of 

the active layer, and Vdc is the direct current biased voltage. 



  

5 

 

 

Figure 3(a) shows in the AS-derived hole mobilities against the square root of the electric 

field (F
1/2

). Without DIO in the casting solution, the hole mobilities of the BHJ is almost 

independent of the electric field with a value of about 2 x 10
-4 

cm
2 
V

-1
 s

-1
 measured at room 

temperature. This is comparable to the reported values in the literature.
[7]

 We found that only 

a slight fluctuation of μh can be observed even with DIO concentrations varies from 3 to 10 

vol%, which are corresponding to μh ≈ 1 x 10
-4 

cm
2 
V

-1
 s

-1
 and 8 x 10

-5 
cm

2 
V

-1
 s

-1
, respectively 

as shown in Figure 3. Furthermore, in each sample, μh remains almost field-independent. 

Besides hole mobilities, we also constructed electron-only devices as shown in Figure S2(c). 

Here LiF/Al layers act as the cathode, while the opposite Al electrode serves as an electron 

transporting but hole blocking layer. Figure 2(b) shows the capacitance against frequency 

plots, while the inset shows the –ΔB vs f plots. Similar to the hole data in Figure 2(a), one can 

readily identify the maximum of the –ΔB vs f from which the characteristic transit time of 

electrons τe can be deduced. Some of the raw AS signals are shown in Figure S4. The AS-

derived μe data are summarized in Figure 3(a) using solid symbols. For the BHJ without 

additive in the casting solvent, the electron mobilities are in the range of 9 × 10
-6 

cm
2 
V

-1
 s

-1
 to 

4 × 10
-5 

cm
2 

V
-1

 s
-1

, and are positively electric field (F) dependent, following roughly the 

Poole-Frenkel law, i.e.: 

𝜇𝑒(𝐹)  =  𝜇0,𝑒 𝑒𝑥𝑝(𝛽𝑒𝐹1/2)         (1)
 

where μ0,e is zero-field electron mobilities and βe is the associated Poole-Frenkel slope.
[23]

 

When DIO is added to the casting solution, there is a marked increase in μe. For example, for 

3 vol% DIO, μe is roughly 20 times larger than 0 vol% case. With further increase volume 

fraction of DIO in CB, μe continues to grow. At 10 vol% DIO, μe exceeds 10
-3 

cm
2 

V
-1

 s
-1

. 

Other than AS measurements, we also employed JV measurements with space-charge-limited 

current (SCLC) fitting on the same samples to evaluate the impact of DIO concentrations on 

the mobilities.
[24-25]

 Figure S5 in the supplementary information shows that the electron-only 
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device have much enhanced electron current as DIO concentration increases. In summary, 

DIO in the casting solution strongly favors the transport of electrons in the associated BHJ 

film. 

 

2.3. Gaussian disorder model analysis 

 

To probe further the transport behaviors of the BHJ films under different DIO processing 

conditions, we performed temperature dependent AS experiments, as shown in Figure 3, for 

electron mobilities against F
1/2

 at different temperatures (T). From the y-intercepts of Figure 

3(a), the zero-field electron mobilities, μ0,e can be extracted. The resulting μ0,e can be analyzed 

further by the well accepted Gaussian disorder model (GDM) by a plot of μ0,e vs 1/T
2
 as 

shown in Figure 3(b).
[26]

 The related electron mobilities plots at 3 vol% for GDM analysis are 

shown in the Figure S6 with the corresponding linear fits as a GDM analysis demonstration. 

According to the GDM, the temperature dependent low field mobilities are related to T by: 

𝜇0 = 𝜇∞ 𝑒𝑥𝑝 [− (
2𝜎

3𝑘𝑇
)

2

]         (2)
 

where σ is the energetic disorder, µ∞ is carrier mobility as temperature tends to infinity, k 

represents the Boltzmann constant. In Equation 2, µ0, µ∞ and σ can be associated with either 

electron (e) or hole (h) transport. Figure 3(b) summarize the GDM analysis for electron and 

hole transports in samples that has 0 vol%, 3 vol% and 10 vol% DIO in their coating solutions. 

We note that both the hole data (open symbols) and electron data (solid symbols) follow 

Equation  2 very well. The energetic disorders of holes (σh) and electrons (σe) are similar and 

are in the range of 86 - 89 meV, and the values are comparable to other donor-acceptor type 

polymers reported in the literature.
[11,27]

 However, electrons and holes behave very differently 

in the BHJ films when DIO is present in their casting solutions. As indicated by the y-

intercepts in Figure 3(b), μ0,h barely changes for all samples. In the temperature range of 245 
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– 327 K, the hole data almost overlap. On the contrary, μ0,e increases as the temperature rise. 

When 3 vol% of DIO is present in the casting solution, μ0,e increases by more than one order 

of magnitude. Further increase of DIO to 10% results in 2.5 orders of increase in μ0,e. Using 

Equation  2, we conclude from Figure 3(b) that (i) hole conduction is barely affected by 

DIO; both the energetic disorders (σh ≈ 87 meV) and the zero-field hole mobilities (μ0,h ≈ 10
-4

 

cm
2 

V
-1

s
-1

) are comparable; (ii) electron transport in the BHJ film is enhanced by DIO in the 

casting solution. Although electron energetic disorder (σe≈ 84 meV) exhibits some 

fluctuations, μ0,e is hugely improved. At room temperature, its value increases from about 3.2 

× 10
-6

 to 1.4 × 10
-3

 cm
2 

V
-1

 s
-1

 for samples without and with 10 vol% DIO. 

 

2.4. Correlating transport to OPV device performance 

 

Now, we make a correlation between the charge transport parameters and the OPV device 

performances. The charge transport data for different volume fractions of DIO in the casting 

solutions are shown in Figure 4. The volume fractions of DIO in CB are 0, 1.5, 3.0, 6.0, and 

10 vol%. From top to bottom, Figure 4 shows (a) high temperature limit of mobilities (μ∞) for 

both electron (solid symbols) and holes (open symbols), obtained by extrapolating the data in 

Figure 3(b) to read the y-intercepts, (b) zero-field carrier mobilities at 293 K (μ0), (c) 

energetic disorders (σ), and (d) PCEs of the corresponding OPV devices. From Figure 4(d), a 

rapid increase in the PCE can be observed between 0 - 3 vol% of DIO, reaching a maximum 

at PCE around 7%. Beyond 3 vol% DIO, the PCE levels off and has a slight drop to 6.7% 

when DIO reaches 10 vol%. From the charge transport data, we note that both μ0,e and μ∞,e 

have similar trends as the rise in PCE, strongly suggesting that the improved PCE after DIO 

addition in the casting solution arises from improved electron transport. However, the 

beneficial effects of DIO saturates at a DIO volume fraction of about 3 vol%. Beyond 3 vol%, 
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there is no additional increase in the PCE as indicated in Figure 4(d), despite further increase 

in the electrons mobilities as shown in Figure 3(a) and (b). 

 

The OPV cell performance optimized at 3 vol% can be understood from the points of view of 

balance charge carrier mobilities when a critical mobility of ~10
-4

 cm
2 

V
-1

 s
-1

 is reached. 

Figure 5 presents the ratios of electron-to-hole zero-field mobilities [extracted from Figure 

4(b)]. For the purpose of discussion, we define plus or minus half an order of magnitude of 

μe/μh to be the range of balance mobilities. So, there are three regions in Figure 5.  In region 

(I), with little or no DIO in the casting solution, charge extraction from the OPV cell is limited 

by electron transport. The ratio of μe/μh at 0 % DIO is around 0.03, with a low μe ≈ 3 × 10
-6

 

cm
2 

V
-1

 s
-1

. In region (II), between 1.5 to 4 vol% of DIO, the resulting BHJ films have 

balanced electron and hole mobilities, and their values are within a factor of two to three 

within each other. Simultaneously, μ0,e reaches a critical value of about 10
-4

 cm
2
 V

-1
 s

-1
, which 

is in par with μ0,h in the PTB7:PC71BM system. Recently, Nguyen et al. argued that hole and 

electron mobilities exceeding 10
-4

 cm
2 

V
-1

 s
-1

 are the necessary conditions to achieve high FF, 

and therefore high PCEs, and the result here are in line with their findings.
[28]

 In region (III), 

beyond 4% DIO, charge extraction is limited by hole mobility. The ratio μe/μh is inverted with 

μe/μh > 10 when the casting solution has 6 vol% of DIO. From the point of view of charge 

carrier transport, the hole mobility of PTB7 phase in the BHJ needs to be improved if higher 

PCE is required. Improving the morphology and the structural order of the polymer phase 

may be the key for improving the hole mobility in the PTB7 phase. 
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2.5. Impact on the carrier hopping distances 

 

From the GDM, high-temperature limit of mobilities  can be extracted as shown in Figure 

3. Previously, Blom et al showed that in semiconducting polymers, the µ∞ can be written in 

the form 

𝜇∞ =
𝑒𝜈0𝑎2

𝜎
𝑒𝑥𝑝 (

−2𝑎

𝐿
)         (3) 

where e is the elementary charge, ν0 is the attempt-to-hop frequency, a is the charge hopping 

distance, and L is the localization radius.
[29]

 At high enough temperatures, charge carriers can 

overcome energetic barriers between hopping sites. The average distance between hopping 

sites is a. Within each site, the wavefunction has a localization radius L. The dispersion in site 

energies, arising from disorder, is σ. As ν0 and L are primarily determined by the material, it is 

reasonable to assume that they are constants among different DIO concentrations. As shown 

in Figure 4(c), both energetic disorders for electron and hole are very similar between 82-89 

meV. Therefore, within the same material system, µ∞ is mainly affected by the hopping 

distance 𝑎. As shown in Figure 4(a), all µh,∞ possess very similar values of ~ 2.2 × 10
-2

 cm
2 

V
-1

 s
-1

 for the tested region. However, µe,∞ increases with the processing DIO concentration 

from 3.9 × 10
-4

 to 1.6 × 10
-1

 cm
2 

V
-1

 s
-1

 for 0 – 10 vol% of DIO. Below, we employ Equation 

3 to estimate the average electron hopping distances for different DIO concentrations.  

 

Figure 6 shows the simulation of Equation 3 with σ = 88.5 meV, ν0 = 10
14

 Hz, and different 

values of L, the upper bound of 1 nm is considered with regarding the size of fullerene 

molecule. 
[30]

 Since the electron mobility with 10% DIO is comparable to that of pristine 

PCBM (10
-3

 cm
2 

V
-1

 s
-1

), we consider the intermolecular hopping distance in 10% DIO around 

1nm as the fullerene is separated by the methyl side chain. By comparing the calculation and 

experimental results, we have obtained the localization radius of PC71BM around 0.35 – 0.50 



  

10 

 

nm. Solving the hopping distances from the µe,∞ graphically in Figure 6, the corresponding 

hopping distances are 2.5 ± 0. 5 ,1.4 ± 0.3 and 0.8 ± 0.3 nm for 0, 3, and 10 vol% of DIO, 

respectively. These results reveal that reduction in the average electron hopping distance is 

the primary origin of the increase in electron mobility.  

 

On the other hand, the average hole hopping distance shows similar values of 1.0 – 1.8 nm 

among 0 – 10 vol% of DIO. At 3 vol% of DIO, both electron and hole hopping distances are 

very similar. We note that the hopping distances are comparable to values previously derived 

for the poly(p-phenylene vinylene) (PPV) type polymer networks.
 [29, 35]

 Although PPV and 

PTB7 are intrinsically different, they are mainly amorphous in their BHJ films. For a 

semicrystalline polymer (3-hexylthiophene-2,5-diyl) (P3HT), the lattice spacing of the 

lamellar sheets of P3HT chains can be shorter of about 0.4 nm.
[34]

 Thus, the difference in hole 

hopping distance may be an indicator for different polymer packing situations. Well packed 

polymer chains possess a shorter average hopping distance while polymer chains without 

definite orintations possess a longer average hopping distance. These findings of hopping 

distances can be correlated to the optimized BHJ thicknesses in their OPV cells. Comparing 

PTB7 and P3HT, the polymer with longer hopping distance corresponds to a thinner 

optimized active thickness, 90 – 100 nm for PTB7 and 150 – 300 for P3HT.
[7,33]

   

Figure 7(a-f) shows the morphological data of representative BHJ films from AFM. For no or 

low DIO concentration (Figure 7 (a) and (d)), the fullerenes in the BHJ blend aggregate and 

form large domains, and the distances between domains are therefore relatively large. On the 

other hand, for a high DIO concentration, fullerenes have less tendencies to aggregate and 

thus the distances between small domains are smaller. Figure 7(g) shows the schematic 

diagram of how PC71BM aggregate with and without DIO additive. Without DIO, the 

PC71BM molecules aggregate into large domains, resulting in a large average hopping 

distance a. With DIO, the domains reduced in size, resulting in a smaller hopping distance a. 
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We conclude that increase in electron mobility due to the presence of DIO originate from the 

reduction of the electron hopping distance. 

 

2.6. OPV cells with reduced fullerene content 

 

In PTB7:PC71BM BHJ system, the hole mobility is limited at about 2 × 10
-4

 cm
2 

V
-1

 s
-1

, [see 

Figure 4(b)] whereas the electron mobility can be as high as 1.4 × 10
-3

 cm
2 

V
-1

 s
-1

 by 

increasing the amount of DIO used. For the improvement of PCEs of BHJ type solar cells, the 

present study points to two important pathways. First, hole mobility of the polymer in the 

BHJ should be improved. To do so, several ways can be employed to achieve higher hole 

mobilities such as developing new materials
[3]

, molecular doping
[32]

, advanced processing 

conditions, etc. Second, the amount of PC71BM used is in excess. The excessive PC71BM 

leads to a highly imbalanced electron-to-hole mobility ratio, and may even hinder hole 

transport. Based on the original, optimized PTB7:PC71BM system as a reference, reducing the 

amount of PC71BM in the BHJ and increasing DIO concentration can be a useful strategy to 

achieve sufficient electron mobility for balancing the electron and hole mobility. It is 

expected that reduced PC71BM will result in lower electron mobility in the BHJ film. On the 

other hand, a higher concentration of DIO can segregate PC71BM into smaller domains. So, a 

smaller average hopping distance can be obtained to compensate the consequence of reducing 

PC71BM in the BHJ. Following this argument, we alter the composition of the PTB7:PC71BM 

BHJ from a weight ratio of 1:1.5 to 1:1. OPV devices were then fabricated using different 

DIO concentration varying from 0 to 8 vol%. Figure 8 compares the performances of OPV 

cells using 1:1.5 and 1:1 PTB7:PC71BM mass ratios. The highest PCE obtained from 1:1.5 

system is 7.0 % corresponding to 3 vol% of DIO. For 1:1 system, the PCE reaches a 

maximum at 4 vol% of DIO and the PCE is 6.9 % which is comparable to the highest PCE 

obtained in 1:1.5 system. Although the short-circuit current is reduced, the performance of the 
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OPV cell is compensated by improved FF between 1 to 4 vol% of DIO. Our results 

demonstrate that DIO concentration can be used as a means to fine tune the electron mobility, 

and allows for composition variations in a BHJ solar cell. 

3. Conclusion 

 

The transport properties of BHJ films of PTB7:PC71BM prepared with different DIO solvent 

additive concentrations have been investigated in details. We found that, besides changes in 

the BHJ film morphology, there is a strong impact on the electron mobility, more than 2 

orders increase for DIO from 0 to 10 vol%. However, a negligible impact on the hole mobility 

yielding unbalance charge carrier transport in low and high DIO concentrations. At ~3 vol% 

of DIO balanced electron and hole mobilities can be achieved, and OPV cells with the best 

PCE is obtained. At DIO concentrations much smaller than 3 vol%, the BHJ film possesses 

low electron mobilities corresponding to longer hopping distances of 1.5 – 2 nm. On the other 

hand, at DIO concentrations much larger than 3 vol%, the BHJ film possesses high electron 

mobilities corresponding to smaller hopping distances of 0.5 – 1 nm. In addition, with the 

insights generated from the transport results, we demonstrated that the amount of acceptor 

used in a common recipe of PTB7:PC71BM is in excess. This work not only unravels the 

charge balance of PTB7:PC71BM at different DIO concentrations but also provides processing 

guidelines on their weight ratios. 

 

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. 
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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 (1:1.5 mass ratio) were dissolved in CB with a 

concentration of 10 mg/mL for PTB7. DIO was added to the solution, whose volume ratio 

ranges from 0 to 10 vol%. The solution was stirred at 70°C overnight before filtering, then 

spin coated on PEDOT:PSS in a glove box to form a 90 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 admittance spectroscopy (AS) and J-V 

characteristics: 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. The thickness of active layer varied 

from 600 nm to 900 nm. For hole-only devices, after the annealing active layer overnight, the 

sample was transferred to high vacuum for thermal co-evaporation of a 10 nm spiro-

TPD:CuPc EBT 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 admittances of all devices were 

measured by an impedance analyzer (Hioki E. E. Corp., Model 3532-50 LCR HiTESTER).
[21]

 

An alternating current modulation of an amplitude of 50 mV was superimposed on a direct 

current bias voltage to obtain the AS signal. 
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Supporting Information 

 
(a) 

 
 

 

(b) 

 

 

 
 

 

(c)  
(d) 

 
(e) 

 

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.
[4]

 In (c), a 

thin layer of CB is spin-coated on the bottom Al electrode for better wetting. 
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(a) 

 
(b) 

 
Figure S3. (a) JV curves of BHJ OPV cells of PTB7:PC71BM (1:1.5) under 100 mW cm

-2
 of 

AM1.5G solar illumination for all DIO concentrations tested. (b) EQE curves of OPV solar 

cells at different DIO concentrations. 
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Hole-only devices Electron-only devices 

  

  
 

Figure S4. Raw AS signals from hole-only devices and electron-only devices without and 

with 3vol% DIO at room temperatures. 
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Figure S5. J-V characteristics of PTB7:PC71BM at different DIO concentrations at room 

temperature in a semi-log plot. It can be seen that the electron-only device have much 

enhanced electron current as DIO concentration increases. The electrons mobilities found by 

SCLC fittings (solid lines) for 0, 3, and 10 vol% of DIO are 4.6 × 10
-6

, 4.4 × 10
-5

, and 4.2 × 

10
-4

 cm
2
V

-1
s

-1
 which show the same trend as found by the AS measurements. 
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Figure S6. Electron mobility at 3% vol DIO concentration as a demonstration of GDM 

analysis: (a) electron mobilities against F
1/2

 at different temperatures (T). From the y-

intercepts of each linear fits, the zero-field electron mobilities, μ0,e can be extracted. The 

resulting μ0,e can be analyzed further by Equation 2 from a plot of μ0,e vs 1/T
2
 as shown in (b). 

Then µ∞ and σ can be calculated form the y-intercept and the slope respectively from linear fit. 
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(a) 

 

(b) 

 
 

Figure S7. AFM images of BHJ films at different DIO concentrations in height mode (a)  and 

phase mode (b) with root mean square roughness (Rq) enclosed.



  

22 

 

 df 
Acknowledgment 

Support for this work under the Research Grant Council of Hong Kong under Grant 

#HKBU211412 is gratefully acknowledged. 

 

Received: ((will be filled in by the editorial staff)) 

Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

 

  



  

23 

 

[1] Y. W. Su, S. C. Lan, K. H. Wei, Mater. Today. 2012, 15, 554. 

[2] A. J. Heeger, Adv. Mater. 2014, 26, 10. 

[3] Y. Liu, J. Zhan, Z. Li, C. Mu, W. Ma, H. Hu, K. Jiang, H. Lin, H. Ade, H. Yan, Nat. 

Comm. 2014, 5. 

[4] M.T. Dang, J.D. Wuest, Chem. Soc. Rev. 2013, 42, 9105. 

[5] J. S. Moon, C. J. Takacs, S. Cho, R. C. Coffin, H. Kim, G. C. Bazan, A. J. Heeger, 

Nano Lett. 2010, 10, 4005. 

[6] N. E. Coates, I. W. Hwang, J. Peet, G. C. Bazan, D. Moses, A. J. Heeger, Appl. Phys. 

Lett. 2008, 93.7, 072105. 

[7] Y. Liang, Z. Xu, J. Xia, S. Tsai, Y. Wu, G. Li, C. Ray, L. Yu, Adv. Mater. 2010, 22, 

E135. 

[8] W. Chen, T. Xu, F. He, W. Wang, C. Wang, J. Strzalka, Y. Liu, J. Wen, D. J. Miller, J. 

Chen, K. Hong, L. Yu, S. B. Darling, Nano Lett. 2011, 11, 3707. 

[9] S. Guo, E. M. Herzig, A. Naumann, G. Tainter, J. Perlich, P. Müller-Buschbaum, J. 

Phys. Chem. B. 2014, 118, 344. 

[10] S. J. Lou, J. M. Szarko, T. Xu, L. Yu, T. J. Marks, L. X. Chen, J. Am. Chem. Soc.  

2011, 133, 20661. 

[11] F. Liu, W. Zhao, J. R. Tumbleston, C. Wang, Y. Gu, D. Wang, A. L. Briseno, H. Ade, 

T. P. Russell, Adv. Energy Mater. 2014, 4, 5. 

[12] G. J. Hedley, A. J. Ward, A. Alekseev, C. T. Howells, E. R. Martins, L. A. Serrano, G. 

Cooke,A. Ruseckas, I. D. W. Samuel, Nat. Comm. 2013, 4. 

[13] D. Wang, F. Liu, N. Yagihashi, M. Nakaya, S. Ferdous, X. Liang, A. Muramatsu, K. 

Nakajima, T. P. Russell, Nano Lett. 2014, 14.10, 5727-5732. 

[14] B. A. Collins, Z. Li, J. R. Tumbleston, E. Gann, C. R. McNeill, H. Ade, Adv. Energy 

Mater. 2013, 3, 65. 

[15] M. Shao, J. K. Keum, R. Kumar, J. Chen, J. F. Browning, S. Das, W. Chen, J. Hou, C. 



  

24 

 

Do, K. C. Littrell, A. Rondinone, D. B. Geohegan, B. G. Sumpter, K. Xiao, Adv. Funct. Mater. 

2014, 24, 6647. 

[16] J. K. Lee, W. L. Ma, C. J. Brabec, J. Yuen, J. S. Moon, J. Y. Kim, K. Lee, G. C. Bazan, 

A. J. Heeger, J. Am. Chem. Soc. 2008, 130, 3619. 

[17] A. Zusan, B. Gieseking, M. Zerson, V. Dyakonov, R. Magerle, C. Deibel, Sci. Report. 

2015, 5
 

[18] S. Foster, F. Deledalle, A. Mitani, T. Kimura, K. Kim, T. Okachi, T. Kirchartz, J. 

Oguma, K. Miyake, J. R. Durrant, S. Doi, J. Nelson, Adv. Energy Mater. 2014, 4.14. 

[19] K. Schmidt, C. J. Tassone, J. R. Niskala, A. T. Yiu, O. P. Lee, T. M. Weiss, C. Wang, 

J. M. J. Fréchet, P. M. Beaujuge, M. F. Toney, Adv. Mater. 2014, 26, 300. 

[20] K. K. H. Chan, S. W. Tsang, H. K. H. Lee, F. So, S. K. So, J. Polym. Sci., Part B: 

Polym. Phys. 2013, 51, 649. 

[21] S. W. Tsang, S. K. So, J. B. Xu, J. Appl. Phys. 2006, 99, 013706. 

[22] H. K. H. Lee, K. K. H. Chan, S. K. So, Org. Electron. 2012, 13, 541. 

[23] J. Frenkel, Phys. Rev. 1938, 54, 647. 

[24] M. A. Lampert , P. Mark , Current Injection in Solids, Academic, New York, 1970 

[25] P. N. Murgatroyd, J. Phys. D. 1970, 3 , 151 . 

[26] H. Bässler, Phys. Status Solidi B. 1993, 175 , 15. 

[27] H. K. H. Lee, Z. Li, I. Constantinou, F. So, S. W. Tsang, S. K. So, Adv. Energy Mater. 

2014, 4.16. 

[28] C. M. Proctor, J. A. Love, T. Nguyen, Adv. Mater. 2014, 26, 5957.  

[29] H. C. F. Martens, P. W. M. Blom, H. F. M. Schoo, Phy. Rev. B. 2000, 61(11), 7489. 

[30] N. I. Craciun, J. Wildeman, P.W. M. Blom, Phys. Rev. Lett. 2008, 100(5), 056601 

[31] E. A. Katz, Nanostructured Materials for Solar Energy Conversion, 361, 2006 

[32] Y. Zhang, H. Zhou, J. Seifter, L. Ying, A. Mikhailovsky, A. J. Heeger, G. C. Bazan, T. 

Nguyen, Adv. Mater. 2013, 25(48), 7038. 



  

25 

 

[33] G. Dennler , M. C. Scharber , C. J. Brabec , Adv. Mater. 2009 , 21 , 1323. 

[34] C. Y. Nam , J. Phys. Chem. C 2012 , 116 , 23951. 

[35] M. R. Hammond , R. J. Kline , A. A. Herzing , L. J. Richter , D. S. Germack , H. Ro , C. 

L. Soles , D. A. Fischer , T. Xu , L. Yu , M. F. Toney , D. M. DeLongchamp , ACS Nano 

2011 , 5 , 8248 . 

 
Figure 1. 𝐽𝑉 curves of BHJ cells of PTB7:PC71BM (1:1.5) under 100 mW cm

-2
 of AM1.5G 

solar illumination for devices without, with 3 and 10 vol% DIO processing additive into the 

casting solution. 
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DIO (vol%) Jsc (mA cm
-2

) Voc (V) FF (%) PCE (%) 

0 11.6 0.76 47.9 4.2 

0.5 10.9 0.78 50.8 4.3 

1.5 13.8 0.78 54.4 5.9 

3.0 16.5 0.75 56.7 7.0 

6.0 15.1 0.76 60.4 6.9 

10.0 14.8 0.76 59.4 6.7 

Table 1. Summary of the performances of OPV cells using PTB7:PC71BM as active materials 

for different concentrations of DIO. 
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(a) 

 
(b) 

 
Figure 2. Capacitance vs frequency plots for (a) hole and (b) electron only devices without 

and with 3 and 10 vol% DIO at room temperature. The insets show the negative susceptance 

vs frequency plots from which the carrier transit times and mobilities are derived. 
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(a) 

 
(b) 

 
Figure 3. Transport data from AS measurements and GDM analysis for PBT7:PC71BM 

(1:1.5) without, with 3 and 10 vol% DIO processing additive (a) Room temperature electron 

and hole mobilities vs 𝐹1 2⁄ . (b) Zero-field mobilities vs 1 𝑇2⁄ . Dashed and solid lines are best 

linear fits to the experimental data. The slopes of the plots yield the energetic disorders and 

the y-intercepts yield the high temperature limits of the carrier mobilities.  
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Figure 4. Summary plots for transport parameters of the PTB7:PC71BM BHJ films: (a) High 

temperature limits of the mobilities, (b) Zero-field mobilities, (c) Energetic disorders vs DIO 

volume fractions. The bottom panel (d) shows the PCE of the corresponding OPV cells. 
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Figure 5. Ratio of electron-to-hole mobilities against DIO concentrations, at open-circuit 

(zero-field) conditions at room temperature. 
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Figure 6. Simulated high-temperature limit mobilities of electrons, 𝜇𝑒,∞, as a function of the 

hopping distance, 𝑎, using Equation 3. The horizontal lines are the experimentally extracted 

𝜇𝑒,∞  from different DIO concentrations from Figure 3(b). The shaded region represents 

possible range of electron hopping distance at different DIO concentrations. 
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Figure 7. AFM images of BHJ films at different DIO concentrations in height mode (a-c) and 

phase mode (d-f) with root mean square roughness (Rq) enclosed. Schematic diagrams (g) 

showing how PC71BM aggregates with and without DIO additive. Both cases use the same 

number of brown circles (200 in total) to represent the changes of PC71BM aggregation after 

DIO addition. The average hopping distance and the PC71BM domain size are denoted by a 

and D, respectively. 
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Figure 8. OPV cells performances of two different donor-acceptor weight ratios (1:1.5 and 

1:1) under different DIO concentrations. 


