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  Semiconducting polymer fi eld-effect transistors (FETs) have 
been widely investigated because of their broad applicability in 
future organic circuits, such as radio frequency identifi cation 
tags, fl exible displays, electronic paper, electronic skin, and sen-
sors. These applications use some of the key features of polymer 
semiconductors, such as fl exibility, light weight, easy fabrica-
tion, and low cost. [ 1–4 ]  Using extensively optimized conjugated 
polymers with tailored energy levels and crystallinity, polymer 
FETs have successfully achieved high hole (>10 cm 2  V −1  s −1 ), [ 5–8 ]  
electron (>5 cm 2  V −1  s −1 ), [ 9 ]  and ambipolar mobilities above 
1 cm 2  V −1  s −1 , [ 10–12 ]  exceeding typical amorphous silicon-based 
FETs. The charge carrier mobility of polymer FETs strongly 
depends on the chemical structure of conjugated polymer, [ 13 ]  
the device confi guration and interface, [ 14,15 ]  and polymer micro-
structures. [ 16 ]  It is widely reported that conjugated polymers 
have the strong tendency to self-assemble into nanostructures 
due to the strong π–π interaction between polymer chains. 
The stacking provides facile channels for enhancing interchain 
charge transport and improving the mobility of charges. [ 17–24 ]  
Among these nanostructures, conjugated polymer nanowires 
exhibit high mobilities up to 24 cm 2  V −1  s −1 , [ 25 ]  indicating their 
great potential for application in FETs. 

 Crystalline polymer nanowires can be prepared by a variety 
of methods, such as self-seeding method, [ 26,27 ]  solvent vapor 
annealing, [ 20,28–30 ]  direct writing, [ 31 ]  and templated and tem-
plateless assembly. [ 32–34 ]  The rigid conjugated repeat units pro-
vide these polymers with the tendency to self assemble into 
long crystalline fi bers via strong noncovalent interchain or 
intrachain interactions. Interestingly, most conjugated polymer 
nanowires used for FETs exhibit an “edge-on” confi guration 

with the π-stacking direction parallel to the substrate, [ 23,35 ]  
whereas the “face-on” confi guration with π-stacking direction 
perpendicular to the substrate is rarely reported. [ 17,36 ]  It is an 
issue of debate whether the “edge-on” alignment is benefi cial 
for charge hopping between different chains to the electrode, as 
some investigations indicate that the charge carriers in FETs are 
only present in the fi rst molecular layers on the substrate. [ 37,38 ]  
Therefore, the “face-on” confi guration that conjugated polymer 
backbone is more close to the substrate will be helpful for 
charge movement to the electrode and yield higher carrier 
mobility. [ 39 ]  To clarify these concerns, it will be very important 
to explore the polymer nanowires with “face-on” confi gurations. 

 In this work, we use two diketopyrrolopyrrole (DPP) based 
conjugated polymers with similar molecular structures to fabri-
cate polymer nanowire FETs, in which the polymer chains are 
present in either an “edge-on” or a “face-on” orientation. DPP 
polymers have been widely applied in high performance thin 
fi lm FETs because of their semi-crystalline nature. [ 40,41 ]  Only, 
few studies on DPP polymer nanowire FETs have been reported 
and in these studies, the polymer chains showed exclusively 
“edge on” orientation. [ 23,25 ]  In this contribution, we study two 
conjugated polymers that both consist of decyltetradecyl (DT) 
substituted DPP and benzodithiophene (BDT) repeat units, 
but are linked via different aromatic heterocycles, viz., thio-
phene (T) or thiazole (Tz). This minor structural modifi cation 
has a major infl uence on the orientation of the polymer in the 
nanowires and on the charge carrier mobilities. Remarkably, 
the polymer orientation is completely switched from “edge on” 
to “face on” in the nanowires and both polymers give high hole 
mobilities >5 cm 2  V −1  s −1 , indicating these two stacking con-
fi gurations are equally good for charge transport. In addition, 
the thiazole-bridged DPP polymer nanowires exhibit high and 
well-balanced ambipolar hole and electron mobilities (5.47 and 
5.33 cm 2  V −1  s −1 ), among the highest reported ambipolar FETs 
to the best of our knowledge. [ 9,42,43 ]  

 The chemical structures of the DPP polymers are shown 
in  Figure    1  . The two polymers consist of electron-defi cient 
DT-substituted DPP and electron-rich BDT repeat units alter-
nating along the chain, connected via thiophene or thiazole. 
PDPP2TBDT [ 44 ]  and PDPP2TzBDT [ 45 ]  have previously been 
used as electron donor in polymer solar cells with fullerenes 
as electron acceptor, affording power conversion effi cien-
cies (PCEs) of 6.9% and 3.2%. The relatively low PCE for the 
PDPP2TzBDT based solar cell originates from a low-lying 
lowest unoccupied molecular orbital (LUMO) that results in 
a reduced LUMO offset between the polymer and fullerene 
compared to PDPP2TBDT. This hinders effi cient photoin-
duced electron transfer and charge generation in polymer solar 
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cells. On the other hand, this low-lying LUMO level is benefi -
cial for electron injection from an Au electrode in FETs. The 
selected DPP polymers have very high molecular weights ( M  w  > 
100 kg mol −1 ) and form fi brillar structures in bulk-heterojunc-
tion systems when blending with fullerene derivatives.  

 Polymer nanowires of PDPP2TBDT and PDPP2TzBDT were 
prepared by a facile in-situ drop-coating method in which the 
polymers are dissolved in the dilute chloroform (CHCl 3 ) solu-
tion (0.01 mg mL −1 ). To ensure homogenous growth of the 
nanowires ortho-dichlorobenzene ( o -DCB) was used as a high-
boiling point additive (5 vol%) to the volatile chloroform. This 
CHCl 3 : o -DCB mixture is identical to solvent system used to 
cast the photoactive layers of polymer-fullerene solar cells, but 
the initial polymer concentration is about thousand times less. 
The polymer nanowires can be easily obtained, when drops of 
the polymer solutions were deposited onto Si/SiO 2  substrates 
treated with n-octyltrichlorosilane (OTS) and left to dry. 

 The shape of the polymer nanowires was evaluated using 
optical microscopy (OM), scanning electron microscopy (SEM), 
and tapping-mode atomic force microscopy (AFM) ( Figure    2  ). 
Both PDPP2TBDT and PDPP2TzBDT form homogenous and 
long nanowires (>70 µm) with widths of 0.15–0.4 µm as shown 
in OM images (Figure  2 a,b). SEM images on large scale (50 and 
200 µm), presented in the Supporting Information (Figure S1), 
show that these well-defi ned nanowires are spatially dispersed 
over the entire surface area. OM shows that in addition to the 
well-defi ned polymer nanowires, irregular shaped particles 
form during the evaporation process as present in the Sup-
porting Information (Figure S2a,b). It is important to mention 
that, at higher concentrations of the polymer in the solution 
(such as 0.1 and 1 mg mL −1 ) the polymer nanowires can also 
be formed. However under these conditions, the nanowires are 
surrounded by a thin polymer fi lm (Figure S2c–f, Supporting 
Information), which hampers the fabrication of single polymer 
nanowire FETs. The dimensions of the polymer nanowires 
were further examined by SEM and AFM, which confi rm the 
measurement from OM images. The narrow and long polymer 
nanowires formed in dilute solutions (0.01 mg mL −1 ) provide 
the possibility to construct FETs by depositing Au electrodes on 
top and using the substrate as a gate.  

 High-resolution transmission electron microscopy (TEM) 
images of representative single polymer nanowires and the 
corresponding selected area electron diffraction (SAED) pat-
terns enable a more detailed understanding of the fi brillar 
crystal structure and molecular packing motif in the polymers 
( Figure    3  a,b). The PDPP2TBDT nanowires exhibited single-
crystal characteristics with diffraction spots equivalent to a 

repeating distance of 5.46 Å (014) along the 
polymer main chain direction, which was 
further confi rmed by density functional 
theory (DFT) calculations as presented 
in Figure S3a (Supporting Information). 
The (010) diffraction spot with distance of 
3.63 Å indicates the π–π stacking between 
the polymer chains. The appearance of (010) 
and (014) spots reveals that the PDPP2TBDT 
chains are aligned parallel to the longitudinal 
wire axis and the alkyl side chains are ori-
ented perpendicular to the substrate (“edge 

on”). The result can be further confi rmed by 1D out-of-plane 
X-ray diffraction measurement (XRD) (Figure  3 c), where the 
(100) diffraction peak was found with the distance of 21.9 Å, 
corresponding to the lamellar packing distance associated with 
the alkyl side chains. The molecular orientation of PDPP2TBDT 
in the polymer nanowire is quite similar to that of PDTTDPP 
in which DPP is copolymerized with dithieno[3,2-b:2′,3′-d]thio-
phene linked via thiophene units. [ 23 ]   

 PDPP2TzBDT with thiazole-bridges also presents a similar 
(005) diffraction spot with 4.13 Å that is related to the length 
of the repeat units of Tz-DPP-Tz-BDT (Figure S3b, Supporting 
Information), indicating that the polymer chain is also along 
the nanowire. Different from PDPP2TBDT, the (600) diffraction 
spot is found in the SAED pattern (Figure  3 b) at 3.17 Å, which 
due to the lamellar stacking of alkyl side chains with distance of 
19.02 Å. It is interesting to note that, out-of-plane XRD meas-
urements on PDPP2TzBDT thin fi lms show the (100) diffrac-
tion peak at 23.7 Å (Figure S4, Supporting Information), indi-
cating that a more dense polymer chain packing can be realized 
in the nanowire than in the fi lm. From the SAED measure-
ment, it can be inferred that the π–π stacking of the polymer 
conjugated backbone is perpendicular to the substrate (“face-
on”). This result is further confi rmed by an out-of-plane XRD 
measurement for the PDPP2TzBDT nanowires (Figure  3 d), 
showing different diffraction peaks compared to that of the 
PDPP2TBDT nanowires (Figure  3 c). The (100) diffraction peak 
has disappeared, but the (010) and (020) diffraction peaks are 
present. The (020) diffraction peaks with the distance of 3.47 Å 
are correlated to the π–π stacking of the polymer backbone. 

 From TEM, SAED, and XRD measurement, we conclude 
that PDPP2TBDT and PDPP2TzBDT are present different 
molecular orientation on the surface. PDPP2TBDT favors the 
typical edge-on packing motif but PDPP2TzBDT has a face-on 
confi guration (Figure  3 e). The molecular packing in polymer 
nanocrystals could be deduced as an orthorhombic crystal unit 
cell with lattice constants:  a  ≈ 21.9 Å,  b  ≈ 3.63 Å,  c  ≈ 21.84 Å 
for PDPP2TBDT and  a  ≈ 19.02 Å,  b  ≈ 6.94 Å,  c  ≈ 20.65 Å for 
PDPP2TzBDT. PDPP2TzBDT seems to show smaller lattice 
constants, indicating that replacing of thiophene bridges by thi-
azole bridges results in forming a condensed crystal structures, 
that will be useful for charge transport in organic FETs. 

 FETs were fabricated to study the charge transport in the 
polymer nanowires. Bottom-gate top-contacted FETs were 
constructed on an OTS (octadecyltrichlorosilane) modifi ed Si/
SiO 2  substrate (n-type Si wafer containing 300 nm-thick SiO 2 ) 
using an “organic ribbon mask” technique, [ 46 ]  which was per-
formed on a Micromanipulator 6150 probe station with a 

   Figure 1.    The DPP polymers PDPP2TBDT and PDPP2TzBDT used in this work. 
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high resolution microscopy (magnifi cation at 400–1000 times) 
(Figure S5, Supporting Information). As a comparison, top-con-
tact bottom-gate thin fi lm FET devices (width = 200 µm, length 
= 25 µm) were fabricated in a higher concentration (4 mg mL −1 ) 
through spin-coating. The polymer nanowire FETs based on the 
two polymers showed similar channel width (0.53–0.64 µm) 
and length (5.21–6.33 µm), which is much smaller than the 
thin fi lms FET devices. PDPP2TBDT nanowires present high 
hole mobility of 7.42 cm 2  V −1  s −1  but a relatively low electron 
mobility of 0.04 cm 2  V −1  s −1  ( Figure    4   and  Table    1  ), which may 
be attributed to the high-lying LUMO levels (−3.81 eV) of the 
polymers that hinders electron injection. For PDPP2TzBDT, 

with a much deeper LUMO levels of −4.0 eV as a result 
of replacing thiophene by thiazole in the main chain, the 
polymer nanowires FETs show ambipolar charge transport 
with well-balanced hole and electron mobilities of 5.47 and 
5.33 cm 2  V −1  s −1 . The result is among the highest for balanced 
ambipolar organic FETs based on conjugated polymers reported 
so far. It is important to note that, thin fi lms FETs show com-
paratively low charge mobilities, with  µ  h  = 0.72 cm 2  V −1  s −1  and 
 µ  e  = 0.0034 cm 2  V −1  s −1  for PDPP2TBDT and  µ  h  = 0.14 cm 2  V −1  s −1  
and  µ  e  = 0.11 cm 2  V −1  s −1  for PDPP2TzBDT (Table  1  and 
Figure S6, Supporting Information). These results demon-
strate that the polymer crystalline nanowires with well-ordered 

   Figure 2.    a,b) OM, c,d) SEM, and e,f) AFM images of the polymer nanowires self-assembled on OTS treated Si/SiO 2  substrates in dilute CHCl 3  with 
5%  o -DCB solution. Panels (a,c,e) are for PDPP2TBDT, and (b,d,f) are for PDPP2TzBDT. 
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molecular conformation are benefi cial for charge transport and 
therefore provide much better carrier mobility, which is mainly 
attributed to the reduced structural and energetic disorder. [ 47 ]  It 
has also been reported that charge transport along the polymer 
backbone is one to two orders of magnitude faster than that 
along the π–π direction. [ 48,49 ]  Therefore, the polymer chains 
that are aligned along the nanowire direction would be par-
tially responsible for the high carrier mobility of the polymer 
nanowire FETs compared to thin fi lm FETs. It is also impor-
tant to point out that these results show that both “edge-on” 
and “face-on” molecular orientations can provide high mobility 
in the polymer nanowire FETs, which is also observed in thin 
fi lms transistors. [ 39,50 ]    

 In conclusion, two conjugated polymers with similar 
chemical structures were used to grow polymer nanowires for 
organic FETs. When the linker units between the DPP core 

and the benzodithiophene units are altered from thiophene to 
thiazole, the DPP polymers show distinctly different molecular 
orientation on the surface from “edge-on” to “face-on” confi gu-
ration, and both polymer nanowire FETs present high charge 
mobilities up to 7.42 cm 2  V −1  s −1 . The different molecular 
orientation, but with similar chemical structures, will further 
be useful to study the intrinsic charge transport properties in 
organic FETs.  

  Experimental Section 
 The conjugated polymers were synthesized according to the literature 
procedures. [ 44,45 ]  

 The substrates used here were successively cleaned with pure water, 
piranha solution (H 2 SO 4 /H 2 O 2  = 7:3), pure water, pure isopropyl alcohol, 
and fi nally blown dry with high-purity nitrogen gas. Treatment of the 

   Figure 3.    a,b) TEM images of the polymer nanowires and their corresponding SAED patterns. c,d) 1D out-of-plane XRD profi les of the polymer nano-
wires. a,c) For PDPP2TBDT and b,d) for PDPP2TzBDT. e) Schematic diagram of PDPP2Tz-BDT nanowire transistors and molecular packing in the 1D 
nanocrystals. 
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Si/SiO 2  wafers with OTS was carried out by the vapor-deposition method. 
The clean wafers were dried under vacuum at 90 °C for 0.5 h in order to 
eliminate the infl uence of moisture. When the temperature decreased to 
70 °C, a small drop of OTS was placed around the wafers. Subsequently, 
this system was heated to 120 °C and maintained for 2 h under vacuum. 

 Polymer nanowires were fabricated by the use of an additive (5 vol% 
 o -DCB) in a dilute CHCl 3  solution (0.01 mg mL −1 ). Bottom-gate top-
contact OFETs based on the polymer nanowires were constructed on an 
OTS modifi ed Si/SiO 2  substrate (n-type Si wafer containing 300 nm-thick 
SiO 2 ) using an “organic ribbon mask” technique. Prior to the self-
assembly of polymer nanowires, the OTS modifi ed Si/SiO 2  substrate was 
cleaned with pure n-hexane, pure chloroform, and pure isopropyl alcohol. 
Then, polymer nanowires were produced on Si/SiO 2  substrates through 
drop casting. Subsequently, 40 nm thick source and drain electrodes 
were deposited on the nanowires by thermal evaporation with an organic 
ribbon as the mask. For the thin fi lm OFETs, polymer thin fi lms were 
spin coated on the substrate from chloroform solution with thickness 
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   Figure 4.    a,c) p-Type and b,d) n-type transfer characteristics for the DPP-polymer-nanowire-based FETs with top contact confi guration: a,b) for 
PDPP2TBDT, c,d) for PDPP2TzBDT. 

  Table 1.    Field-effect hole (h) and electron (e) mobility of the DPP 
polymer thin fi lms and nanowires (NW).  

Polymer  Mobility 
[cm 2  V −1  s −1 ]

 V  T  
[V]

On/off ratio

PDPP2TBDT Thin Film (h) 0.72 −22.3 10 5 

 Thin Film (e) 0.0034 71.2 10 2 

 NW (h) 7.42 −19.7 10 6 

 NW (e) 0.04 69.8 10 2 

PDPP2TzBDT Thin Film (h) 0.14 −67 10 6 

 Thin Film (e) 0.11 65 10 6 

 NW (h) 5.47 −60.4 10 5 

 NW (e) 5.33 60.1 10 5 
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annealing at corresponding temperature for 2 h (160 °C for PDPP2TBDT 
and 175 °C for PDPP2TzBDT). Electrical characteristics of the devices 
were recorded with a Keithley 4200-SCS semiconductor parameter 
analyzer and a Micromanipulator 6150 probe station in a glove box at 
room temperature. The mobilities were calculated from the saturation 
region with the following equation:  I  DS  = ( W /2 L ) C  i  µ ( V  G  − V  T ) 2 , where  I  SD  
is the drain–source current,  W  is the channel width,  L  is the channel 
length,  µ  is the fi eld-effect mobility,  C  i  is the capacitance per unit area of 
the gate dielectric layer, and  V  G  and  V  T  are the gate voltage and threshold 
voltage, respectively. This equation defi nes the important characteristics 
of electron mobility ( µ ), on/off ratio ( I  on/off ), and threshold voltage ( V  T ), 
which could be deduced by the equation from the plot of current–voltage. 

 The microscope images of all the aligned microcrystal arrays were 
acquired by an optical microscope (Vision Engineering Co., UK), which 
was coupled to a CCD camera. AFM measurements were carried out 
with a Nanoscope IIIa instrument (Digital Instruments). XRD was 
measured on a D/max2500 with a CuK α  source ( λ  = 1.541 Å). SEM 
images were obtained with a Hitachi S-4300 microscope (Japan), and 
TEM observation was carried out with a JEOL 1011 microscope.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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