
implies that the π-conjugated framework of this 
film is exposed. This trend is in good agreement 
with the photovoltaic results. 

 
4. Conclusion 

New, arch-shaped NFAs, vNTz-TehR and 
vNTz-TboR, were developed by introducing a 
vNTz unit into the central part of a π-conjugated 
backbone. Upon comparing vNTz-TboR to 
NTz-TboR, it was evident that the low-symmetry 
unit (vNTz) of the former material provided it with 
a higher solubility than that of the latter. 
Furthermore, electrochemical measurements 
indicated that vNTz-TboR and NTz-TboR showed 
almost identical LUMO energy levels. An OSC 
based on P3HT/vNTz-TehR showed a PCE of 
2.06%, and the contact angle measurements 
implied that the vNTz-TehR film has a favorable 
surface for photo-carrier generation. Thus, this 
study demonstrated the potential applicability of 
arch-shaped NTz derivatives in organic electronics. 
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  Herein, we study hole transport properties in various conjugated conducting polymers 
blended with polystyrene (PS) as an insulating polymer.  By analyzing macroscopic current 
density–voltage characteristics, we found that the mobility is improved for the conjugated 
conducting polymers diluted in the PS matrix that exhibit a redshift in absorption spectra.  
This is probably ascribed to more ordered polymer chains caused by the addition of PS.  We 
believe that such a dilution of polymer chains would be versatile strategies to enhancing 
charge transport properties, which will offer a breakthrough towards highly efficient 
wearable optoelectronic devices based on the conjugated polymers.  
   
Keywords: Charge transport properties, Conjugated polymers, Insulating polymers, 
Blend films. 

 
 

1. Introduction 
Flexible and wearable optoelectronic devices, 

such as light-emitting diodes, photovoltaic devices, 
and photodetector devices, have recently attracted 
much attention owing to their potential applications 
in modern society.[1–3]  Among all materials 
employed in these devices, conjugated conducting 
polymers are used as active layers in common and 
play a central role in transporting of charge 
carriers.[4–6]  With the aim of their 
commercialization, one of most important issues in 
this community is, therefore, to achieve highly 
efficient charge transport in organic materials 
comparable to that in inorganic materials.  For 
organic solar cells and organic photodetectors, in 
particular, it is more important to comprehend charge 
transport properties in blend films rather than in neat 
films since they are typically composed of an 
electron donor material (D) and an electron acceptor 
material (A).   

Such blend films, however, are typically 
accompanied by changes in the degree of structure 
order and/or the packing orientation of polymer 
chains.  This has a positive or negative impact on 

their charge transport properties depending on 
miscibility of polymers employed.  For example, in 
the case of the polymer solar cells, it is found that a 
fill factor (FF), which is a criterion of charge 
transport in devices, is much lower in the ternary 
blend polymer solar cells based on D/D/A or D/A/A 
than that in D/A binary blend counterparts.[7,8]  This 
degradation results from a decrease in carrier 
mobility μ due to the formation of more complicated 
transport paths incurred by the addition of third 
components.  On the other hand, an opposite trend 
for charge transport has been recently reported by 
several groups including ours.[9–14]  To be more 
specific, FF for the ternary blend solar cells was 
improved by the introduction of the third component 
as a donor or acceptor material in comparison with 
that for the binary blend devices.  This is ascribed 
to more balanced μ between electrons and holes 
and/or enhanced μ as a result of more ordered 
structure of polymer chains in the ternary blend films.  
For such blend films, however, there would be some 
possible variations in the charge carrier density n 
caused by charge transfer (CT) complex at the D/A 
interfaces.[14]  This makes it difficult for us to 
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disclose the origin of an improvement in charge 
transport properties in the blend films.  On the other 
hand, we can focus on charge transport properties in 
the conjugated polymers blended with an insulating 
polymer without consideration of variations in n.  
Very recently, several groups including ours have 
reported that μ in the conjugated polymers diluted 
with insulating polymer matrix is higher compared 
to the conjugated polymer neat films.[15–20]  This is 
attributed to a difference in molecular interactions 
and/or aggregation states between polymer chains, 
which are closely related to trap sites unfavorable for 
charge transport properties.  However, little is 
known about universal criteria for effects of 
improvement in charge transport properties of the 
conjugated polymers induced by PS addition.   

Herein, we have studied charge transport 
properties in a series of conjugated polymers blended 
with PS.  More specifically, we employed poly[4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
bˊ]dithiophene-co-3-fluorothieno[3,4-b]thiophene-
2-carboxylate] (PTB7-Th), poly[2-methoxy-5-(3ˊ,7ˊ 
-dimethyloctyloxy)-1,4-phenylenevinylene] 
(MDMO-PPV), poly[2,5-bis(3ˊ,7ˊ-
dimethyloctyloxy)-1,4-phenylenevinylene (DMO-
PPV), and regiorandom poly(3-hexylthiophene) 
(RRa-P3HT) as conjugated polymers, and PS as an 
insulating polymer.  Figure 1 shows chemical 
structures of these materials.  For these blend films, 

μ was evaluated from macroscopic current density–
voltage (J–V) characteristics.  As a result, we found 
that μ is higher in the blend films except for RRa-
P3HT/PS blends rather than in the neat films.  The 
origin of an increase in μ was discussed by 
measuring absorption spectra and conductive atomic 
force microscopy (C-AFM) images of these blend 
films.   
 
2. Experimental 
2.1 Materials 

Four kinds of the conjugated polymers employed 
were PTB7-Th (1-Materials Inc., weight average 
molecular weight, Mw = 180,000), MDMO-PPV 
(Sigma–Aldrich), DMO-PPV (Sigma–Aldrich), and 
RRa-P3HT (Sigma–Aldrich).  Polystyrenes with 
different molecular weights were purchased from 
Shodex (Mw = 3,250, 22,500, and 1,310,000).  As a 
buffer layer, poly(3,4-ethylenedioxythiophene): 
poly(4-styrenesulfonate) (PEDOT:PSS, H.C. Starck 
Clevios PH500) was employed.  All these materials 
employed were used without further purification.  

 
2.2 Device fabrication 
Hole only devises were fabricated as follows.  
Indium–tin-oxide (ITO)-coated glass (10 Ω per 
square) substrates were cleaned by ultrasonication 
with toluene, acetone, and then ethanol for 15 min 
each.  The substrates were dried under nitrogen gas 
flow, and exposed to ozone under ultraviolet 
illumination for 30 min (Nippon Laser & Electronics, 
NL-UV253S).  The solution of PEDOT:PSS was 
filtered with a PTFE syringe filter (pore size: 0.45 
μm) and treated with ultrasonic crusher for 3 min.  
A layer of PEDOT:PSS was fabricated onto the ITO 
substrates by spin-coating at a spin rate of 400 rpm 
for 10 s and then 3000 rpm for 60 s, and subsequently 
dried on a hot plate at 140 °C for 10 min in air.  The 
mixed solution was prepared by dissolving the 
conjugated polymer and PS with a different weight 
ratio of 10 : 0, 0.75 : 0.25, 0.4 : 0.6 and 0.2 : 0.8 in 
chlorobenzene or chloroform.  The blend active 
layers were deposited atop ITO/PEDOT:PSS 
substrates by spin-coating at 1000 rpm for 60 s in the 
nitrogen atmosphere.  The thickness of blend film 
was ~100 nm.  Finally, Au (100 nm) or MoO3/Al 
(10 nm/100 nm) electrode was thermally evaporated 
on top of the active layer.  Consequently, the device 
layered structure was as follows: 
ITO/PEDOT:PSS/active layer/Electrode. 
 
2.3 Measurement 

J–V characteristics were measured with a direct-

  
Fig. 1.  Chemical structures of materials employed 
in this study: a) PTB7-Th, b) RRa-P3HT, c) MDMO-
PPV, and d) DMO-PPV.   
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current (DC) voltage and current source/monitor 
(Keithley, 2611B) in the dark.  To evaluate μ, we 
analyzed space-charge-limited current (SCLC) of the 
blend films with the Mott–Gurney equation as 
follows.[21] 
 

2

r 0 3

9
8

VJ
L

ε ε µ=                    (1) 

 
where εr is a relative dielectric constant of materials, 
ε0 is the vacuum permittivity, and L is a thickness of 
the blend film.  Here, εr is assumed to be 3, which 
is a typical value for most organic materials.  
Absorption spectra were measured with a 
spectrophotometer (Hitachi, U-4100).  The film 
surface morphology and current image were 
measured simultaneously with an atomic force 
microscope (AFM, Shimadzu, SPM-9700) using an 
Au-coated silicon probe (NANO-SENSORS, PPP-
CONTAu, tip radius of curvature < 10 nm, spring 
constant = 0.2 N m−1) at a constant sample voltage of 
+5.0 V.  The sample bias was applied to the ITO and 
the tip was grounded. 
 
3. Results and discussion 

Figure 2 shows μ of each donor/PS blend film with 
different weight ratios, which was evaluated by 
fitting the J–V characteristics in the SCLC region 
with a slope of two.  For PTB7-Th/PS blends, μ was 
comparable to that of PTB7-Th neat films at 25 wt% 
PS, the largest at 60 wt% PS, and still larger than that 
of the neat films even at only 80 wt% PS.  In other 
words, all the blend films exhibited μ comparable to 
or larger than PTB7-Th neat films.  For MDMO-
PPV/PS blends, μ increased with increasing PS 
fraction in the blends.  Interestingly, the values of 
all μ were larger than that of MDMO-PPV neat films 
even though the fraction of the conductive polymers 
was smaller than that of the neat films.  For DMO-
PPV/PS blends, μ decreased with increasing PS 
fraction in the blends.  However, the decreased μ 
was limited and much smaller than that expected 
from a decrease in the fraction of the conductive 
polymers.  In other words, this finding rather 
suggests that an effective μ is improved with 
increasing PS fraction in the blends considering the 
volume fraction of the conjugated polymers.  For 
RRa-P3HT/PS blends, on the other hand, μ 
significantly decreased by one order of magnitude 
even at 40 wt% of conductive polymers where other 
conjugated polymers exhibit the largest μ.  In 
summary, μ was improved for PTB7-Th/PS, 
MDMO-PPV/PS, and DMO-PPV/PS blends while it 

decreased for RRa-P3HT/PS blends.   
In order to consider how molecular weights of PS 

matrix impact on charge transport properties, we 
evaluated μ for 40 wt% PTB7-Th in the PS matrix 
with different PS molecular weights.  As a result, 
we found that μ decreases from 5.5 × 10−4 cm2 V−1 
s−1 for Mw = 22,000 to 2.9 × 10−4 cm2 V−1 s−1 for Mw 

 
Fig. 2.  Hole mobility of each donor/PS blend film 
with different weight ratio: a) PTB7-Th, b) MDMO-
PPV, c) DMO-PPV, and d) RRa-P3HT. 
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= 131,000.  Note that the μ for all the blends are 
comparable to or larger than that of PTB7-Th neat 
films.  In other words, charge transport is improved 
for all the blends but is most effectively enhanced for 
the PS matrix with the smallest molecular weight 
(Mw = 3,250).  Figure 3 shows AFM images of 
PTB7-Th/PS blends with different molecular 
weights of PS.  For the largest molecular weight of 
PS matrix, sea and island domains were observed, 
suggesting large phase separation structures.  For 
the smaller molecular weight of PS matrices, on the 

other hand, a well-mixed blend morphology was 
observed.  This finding indicates that it would be 
beneficial for charge transport in the conjugated 
polymers blended with PS matrix. 

To examine how such a blend morphology 
impacts on optoelectronic properties of the 
conjugated polymers mixed in PS matrix, we next 
measured the absorption spectra of these blend films.  

 
 

Fig. 3.  AFM images of PTB7-Th/PS blend films 
with different molecular weights of PS: a) Mw = 
3,250, b) Mw = 22,500, and c) Mw = 1,310,000.   

 
Fig. 4.  Absorption spectra of a) PTB7-Th/PS, b) 
MDMO-PPV/PS, c) DMO-PPV/PS, and d) RRa-
P3HT/PS blend films with different weight ratios: 
donor : PS = 1 : 0 (black lines), 0.75 : 0.25 (red lines), 
0.4 : 0.6 (blue lines), and 0.2 : 0.8 (green lines). 
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Fig. 4.  Absorption spectra of a) PTB7-Th/PS, b) 
MDMO-PPV/PS, c) DMO-PPV/PS, and d) RRa-
P3HT/PS blend films with different weight ratios: 
donor : PS = 1 : 0 (black lines), 0.75 : 0.25 (red lines), 
0.4 : 0.6 (blue lines), and 0.2 : 0.8 (green lines). 

For PTB7-Th/PS blends, as shown in Figure 4a, an 
absorption peak was red-shifted and a peak ratio of 
0–0 to 0–1 vibronic bands increased in comparison 
with that of PTB7-Th neat films.  The same trends 
were observed even for different molecular weights.  
This is consistent with our previous report for PTB7-
Th, suggesting effectively enhanced backbone 
planarity.[14]  For MDMO-PPV/PS and DMO-
PPV/PS blend films, as shown in Figures 4b and 4c, 
absorption peaks were red-shifted in comparison 
with each neat film, implying improved an effective 
conjugation length of polymer chains.  For RRa-
P3HT/PS blends, on the other hand, no absorption 
shift was observed but instead absorption broadening 
was observed with a more distinct absorption tail as 
shown in Figure 4d.  This finding suggests that 
inhomogeneities increased in RRa-P3HT/PS blends.  
In either case, there is a good correlation between 
charge transport properties and absorption spectra of 
polymer/PS blend films. 

Finally, we studied local current properties on a 
scale of micrometers by C-AFM measurement.  
Here, we focus on C-AFM images of MDMO-
PPV/PS films as an example.  For MDMO-PPV 
neat films, as shown in Figures 5a and 5c, 
morphology and current map were homogeneous 
over the entire films.  For MDMO-PPV/PS blend 
films, on the other hand, sea and island domains were 

observed in the topography image (Figure 5b).  As 
shown in Figure 5d, several hot spots were observed 
in the current image: hot spots correspond to islands 
in the topography image.  Thus, island domains can 
be ascribed to MDMO-PPV rich domains.  The 
pixel ratio between the no current region and the 
current flow region does not match the blend ratio 
because of the lateral and/or vertical phase 
separation for 60 wt% of PS added blends.  
Interestingly, currents in hot spots are about 10 times 
larger than that in sea domains of the blend films or 
in the neat films.  We therefore conclude that an 
improved charge transport in the polymer/PS blend 
films is due to the formation of such highly 
conductive hot spots.  Further study is required to 
reveal polymer structures in hot spots. 

 
4. Conclusion 

We studied hole transport properties in a series of 
conjugated polymers blended in PS matrix.  As a 
result, μ was improved for some polymer/PS blends.  
This improvement was dependent on molecular 
weights of PS matrix and more effective in PS matrix 
with small Mw, which gives a well-mixed blend 
morphology.  Interestingly, we found a good 
correlation between hole transport properties and 
absorption spectra of the blend films based on a 
conjugated polymer and PS.  More specifically, μ is 
improved for the polymer/PS blend films that exhibit 
red-shifted or enlarged ratio of 0–0 to 0–1 bands in 
absorption spectra: these are characteristic of an 
improvement in the effective conjugation length and 
the backbone planarity of the conjugated polymers.  
We also found such an improved charge transport is 
due to locally conductive hot spots in the polymer/PS 
blends on a scale of micrometers.   
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