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 A new electrontransport polymer, poly{[ N,N ′  -dioctylperylene-3,4,9,10-bis(dicarb-
oximide)-1,7(6)-diyl]- alt -[(2,5-bis(2-ethyl-hexyl)-1,4-phenylene)bis(ethyn-2,1-diyl]} 
(PDIC8-EB), is synthesized. In chloroform, the polymer undergoes self-assembly, 
forming a nanowire suspension. The nanowire’s optical and electrochemical 
properties, morphological structure, and fi eld-effect transistor (FET) charac-
teristics are investigated. Thin fi lms fabricated from a PDIC8-EB nanowire 
suspension are composed of ordered nanowires and ordered and amorphous 
non-nanowire phases, whereas fi lms prepared from a homogeneous PDIC8-EB 
solution consist of only the ordered and amorphous non-nanowire phases. X-ray 
scattering experiments suggest that in both nanowires and ordered phases, the 
PDIC8 units are laterally stacked in an edge-on manner with respect to the fi lm 
plane, with full interdigitation of the octyl chains, and with the polymer back-
bones preferentially oriented within the fi lm plane. The ordering and orienta-
tions are signifi cantly enhanced through thermal annealing at 200  ° C under inert 
conditions. The polymer fi lm with high degree of structural ordering and strong 
orientation yields a high electron mobility (0.10  ±  0.05 cm 2  V  − 1  s  − 1 ), with a high 
on/off ratio (3.7  ×  10 6 ), a low threshold voltage (8 V), and negligible hysteresis 
(0.5 V). This study demonstrates that the polymer in the nanowire suspension 
provides a suitable material for fabricating the active layers of high-performance 
n-channel FET devices via a solution coating process. 
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  1. Introduction 

 Solution-processable organic fi eld-effect 
transistor (OFET) materials have recently 
attracted interest because they are poten-
tially applicable in radio frequency iden-
tifi cation tags, rollable displays, and 
large-area sensors. OFETs are easily mini-
aturized, and their properties can be tai-
lored through chemical synthesis. [  1–9  ]  
Signifi cant efforts have been made toward 
the development of solution-processable 
polymeric materials for OFETs that are 
easily processable, fl exible, display a high 
mechanical strength, and are scalable. [  10  ]  
Several polymers have been developed for 
use in p-channel thin fi lm transistors with 
a wide range of hole mobilities (  μ   h   =  0.01–
8.0 cm 2  V  − 1  s  − 1 ); [  11–18  ]  however, polymers 
for use in n-channel transistors are scarce. 
Identifi ed n-channel transistor polymers 
include the polybithiopheneimides, [  19  ]  
ladder-type poly(benzobisimidazobenzo-
phenanthroline) (BBL), [  20  ]  conjugated 
naphthalene diimide (NDI)-based poly-
mers, [  21–23  ]  perylene diimide (PDI)-based 
polymers, [  24  ,  25  ]  and indenofl uorenebis(d
icyanovinylene)-based polymer. [  26  ]  The electron mobilities,   μ   e , 
of these polymers are generally lower than the hole mobilities 
  μ   h  of the p-channel polymers and of single crystals of small 
conjugated molecules. [  27  ]  Thus, the development of high-per-
formance n-channel OFET polymers is still in the exploration 
stages. 

 Formation of charge-transporting polymer semiconductor 
nanowires, either prior to or after deposition of active layers, 
has been explored as an effective means to control the solid-
state morphology of polymer thin fi lms and, thus, to enhance 
the performance of OFETs. [  28–30  ]  Self-organized charge-trans-
porting polymer nanowires are of special interest, since they 
can be readily processed into active layers in devices and have 
been shown to exhibit high fi eld-effect mobility. [  29  ,  30  ]  The high 
mobility of organic semiconductor nanowires is proposed to 
originate from the highly ordered molecular packing with small 
inter-molecular distances in the nanowire, which is driven by 
strong   π  –  π   attraction and aliphatic side-chain interactions. 
However, although the utilization of pre-assembled nanowires 
in an active layer is promising for achieving high charge-carrier 
mobility in OFETs, only few examples have been demonstrated 
from electron-transporting polymers. [  30  ]  
Adv. Funct. Mater. 2013, 23, 2060–2071
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 In this study, we report the fabrication and characteriza-
tion of n-channel OFET devices based on nanoscale thin 
fi lms formed from a new polymer, poly{[ N,N ′  -dioctylperylene-
3,4,9,10-bis(dicarboximide)-1,7(6)-diyl]- alt -[(2,5-bis(2-ethylhexyl)-
1,4-phenylene)bis(ethyn-2,1-diyl]} (PDIC8-EB). This polymer 
was synthesized by the Sonogashira coupling reaction of  N,N ′  -
dioctyl-1,7(6)-dibromo-3,4,9,10-perylenebis(dicarboximide) 
(PDIC8) and 1,4-bis(2-ethylhexyl)-2,5-diethynylbenzene (EB) 
with the aid of a palladium and copper catalyst system. The 
PDIC8-EB poly mer dissolved completely in hot chloroform 
under a nitrogen atmosphere. The polymer molecules formed 
nanowires in solution via self-assembly when the solution 
was incubated under dark conditions at room temperature. 
Nanometer-scale thin fi lms of the polymer could be prepared 
either with or without nanowires, and the fi lm structures and 
properties were characterized. OFET devices were fabricated 
from the thin polymer fi lms with or without nanowires, for com-
parison purposes. The active polymer layers were further ther-
mally annealed at various temperatures. The electronic behavior 
depends on the presence or absence of the polymer nanowires 
and the thermal annealing history; in the case of nanowire 
devices annealed at 200  ° C, mobilities of 0.10  ±  0.05 cm 2  V  − 1  s  − 1  
and high current on/off ratios of 10 6 –10 7  were obtained. The 
observed device performances were evaluated in light of the 
polymer fi lm morphological structures and properties.   

 2. Results and Discussion 

 The linkers in most conjugated rylene diimide polymers 
reported to date [  21–25  ]  have been based on thiophene materials, 
although arylene bridges have also been used. [  31  ]  We have been 
interested in the use of alkyne linkers in rylene diimide polymers 
since these may allow for more planar, and more rigid polymer 
structures, perhaps facilitating stronger interchain interactions, 
and have recently synthesized a series of poly{[ N,N ′  -dialkyl-n-
aphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]- alt -[(1,4-arylene)
bis-(ethyn-2,1-diyl]} materials. [  32  ]  The PDIC8-EB polymer that 
is the focus of the present work was synthesized from  N,N ′  -
dioctyl-1,7(6)-dibromo-3,4,9,10-perylenebis(dicarboximide) 
(PDIC8) and 1,4-bis(2-ethylhexyl)-2,5-diethynylbenzene (EB) 
via a Pd-catalyzed Sonogashira coupling reaction ( Scheme    1  ; 
see Experimental part) in a similar fashion to its naphthalene 
diimide analogues.  

 The polymer was purifi ed by Soxhlet extraction with multiple 
solvents, followed by precipitation, and was characterized by ele-
mental analysis, gel permeation chromatography (GPC), and  1 H 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2060–2071

     Scheme  1 .     Synthesis and chemical structure of PDIC8-EB.  
NMR spectroscopy (see the data in the Experimental part). The 
weight-average molecular weight ( Mw   ) and polydispersity index 
(PDI) were estimated to be 66 900 Da and 4.22, respectively, by 
GPC in chloroform. The polymer was thermally stable up to 
400  ° C (5% weight loss) (Supporting Information Figure S1). 
The polymer showed no phase transitions between room tem-
perature and 350  ° C (Supporting Information Figure S2). 

   Figure 1  a,b show cyclic voltammograms (CVs) of PDIC8-EB, 
measured in solution and in a fi lm on the working electrode, 
respectively. The half-wave potential for the fi rst reduction 
potential in solution was –0.40 V vs ferrocenium/ferrocene. 
The solution-state electron affi nity (EA) of the polymer was 
estimated to be –3.9 eV using the empirical relation, EA  =  
–(( eE  1/2  0/ −   –  eE (ferrocene)  +  4.8 eV), where  e  is the electronic 
charge. A similar value was obtained from the onset potential 
for the solid fi lm ( E  onset  red   =  –0.444 V) in place of the solution 
half-wave potential. The reduction potential of the polymer is 
similar to that of analogous napthalene diimide/diethynylben-
zene polymers; [  32  ]  in both classes of the polymers the diethy-
nylbenzene bridge leads to little change in the redox potential 
relative to that of the appropriate parent rylene diimide. [  33  ]  The 
thin fi lm ionization potential (IP) was measured to be 6.1 eV by 
ultraviolet photoelectron spectroscopy (UPS) (Figure  1 c). The 
CV and UPS data were used to estimate a transport gap (i.e., 
IP/EA energy gap) of 2.2 eV. The EA and transport gap values 
are similar to the values observed previously for PDI monomers 
and polymers [  24  ,  33  ,  34  ]  that act as electron-transport materials, 
and the EA value suggests a relatively low barrier to electron 
injection from common electrode materials into the polymer.  

 The polymer was dissolved completely in hot chloroform 
(80  ° C) and the resulting solution was cooled to room tem-
perature and then fi ltered over a fi lter with a 0.2- μ m pore size 
to yield 5 − 10 mg mL  − 1  homogeneous solutions. The polymer 
solutions gave high-quality thin fi lms via conventional spin-
coating. When incubated under dark conditions at room tem-
perature for 3 days, the originally homogeneous polymer 
solution underwent a self-assembly transformation to yield a 
nanowire suspension. The nanowire-containing suspension 
was considerably more viscous than the original solution. Once 
the nanowires were formed, they were stable even upon the 
addition of more chloroform (see the ultraviolet-visible (UV-
vis) spectra of the diluted suspensions, shown in Supporting 
Information Figure S3). The nanowires remained suspended 
when left standing for one month. Overall, the nanowire sus-
pension was quite stable; however, the nanowires could be dis-
solved upon heating to 90 − 100  ° C. Presumably the formation of 
nanowires is favored by the strong tendency of PDIs to aggre-
bH & Co. KGaA, Weinh
gate via  π -stacking, [  33  ]  with the alkyne-based 
bridging groups offering relatively little steric 
hindrance to such stacking compared to the 
other bridging groups that may be twisted 
out the PDI plane, while the alkyl side chains 
are evidentally suffi ciently longer and/or 
branched to solubilize the polymer, but insuf-
fi ciently so to disrupt nanowire formation. 

 The nanowire suspension was used to 
prepare thin fi lms on silicon (Si) substrates 
that had been treated either with or without a 
silane derivative via conventional spin-coating 
2061wileyonlinelibrary.comeim
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     Figure  1 .     a) Cyclic voltammogram (CV) of PDIC8-EB in CHCl 3 /0.1 M 
[n-Bu4N]  +  [PF 6 ]  −   with ferrocenium/ferrocene as an internal standard, at 
50 mV s  − 1 . b) CV of a fi lm of PDIC8-EB deposited on a platinum button 
working electrode in acetonitrile/0.1 M [n-Bu 4 N]  +  [PF 6 ]  −   at 50 mV s  − 1 . The 
horizontal scale is relative to a AgCl-coated Ag-wire pseudo-reference 
electrode. c) UPS (He I) energy distribution curves of PDIC8-EB thin fi lm 
taken with  − 5.0 V bias applied to the sample. The inset shows a magnifi ed 
view of the ionization onset region.  

     Figure  2 .     Representative AFM Images: a) height image (1  μ m  ×  1  μ m) 
of a thin fi lm spin-coated from a PDIC8-EB nanowire suspension (10 mg 
mL  − 1  in CHCl 3 ); b) phase image of the fi lm in (a). Height images (1  μ m  ×  
1  μ m) of PDIC8-EB fi lms annealed at various temperatures: c) 100  ° C; 
d) 140  ° C; and e) 200  ° C. f) Height image (2  μ m  ×  2  μ m) of a fi lm spun 
from a non-nanowire PDIC8-EB solution (10 mg mL  − 1  in CHCl 3 ).  
processes followed by drying. Some of the as-spun fi lms were 
further thermally annealed at various temperatures (100, 120, 
140, 160, 180, 200, 220, and 240  ° C) for 1 h in a glove box under 
a nitrogen atmosphere ( <  0.1 ppm O 2 ). The polymer thin fi lms 
(ca. 25-nm thick) were examined by atomic force microscopy 
(AFM), high-resolution transmission electron microscopy 
(TEM), grazing incidence X-ray scattering (GIXS), and X-ray 
refl ectivity (XR). 

 Height and phase AFM images of the polymer fi lms fabri-
cated from the nanowire suspension are shown in  Figure    2  a,b, 
respectively. The AFM images clearly reveal the well-defi ned 
nanowires. The nanowires were determined to be 0.5 − 1  μ m 
in length and 4 − 40 nm in width (Supporting Information 
Figure S4). The fi lms were estimated to have a root-mean-
square (rms) surface roughness of 0.895 nm over the area of 
1.0  μ m  ×  1.0  μ m. This surface roughness was slightly higher 
than that (0.571 nm) of fi lms prepared from the homogeneous 
polymer solution without nanowires (Figure  2 f). The nanowire 
dimensions did not change in the fi lm state upon thermal 
annealing up to 200  ° C (Figure  2 c–e).  
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2060–2071
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     Figure  3 .     a) Height AFM image (1  μ m  ×  1  μ m) of a thin fi lm spin-coated 
from a PDIC8-EB nanowire suspension (10 mg mL  − 1  in CHCl 3 ); b) high-
resolution TEM image of a 200  ° C annealed fi lm of PDIC8-EB (the inset 
is the FFT pattern obtained from the data of the part of a nanowire in 
the square region); c) high-resolution TEM image of a 200  ° C annealed 
fi lm of PDIC8-EB (the inset is the FFT pattern obtained from the data 
of the part of an ordered phase in the square region). d) A model of 
the multibilayer-structured PDIC8-EB molecules proposed from the TEM 
and GIXS measurements and data analyses; e) a molecular model of a 
PDIC8-EB polymer chain in the multibilayer structure.  n  is the orientation 
vector for the multibilayer-structured PDIC8 units with respect to the out-
of-plane of the fi lm where  ϕ    is the polar angle between the  n  vector and 
the out-of-plane of the fi lm.  

     Figure  4 .     2D GIXS patterns of PDIC8-EB fi lms (which were prepared 
with a PDIC8-EB nanowire suspension (10 mg mL  − 1  in CHCl 3 )) before 
and after thermal annealing at various temperatures in a glove box under 
nitrogen atmosphere: a) 25  ° C; b) 100  ° C; c) 120  ° C; d) 160  ° C; e) 200  ° C; 
and f) 240  ° C. The measurements were carried out at an incident angle 
  α   i   =  0.160 ° .  
 The fi lms containing nanowires annealed at 200  ° C were 
further examined by high-resolution transmission electron 
microscopy (TEM). TEM images were collected and analyzed 
in light of the AFM results discussed above. TEM analysis 
confi rmed the presence and absence of nanowires in various 
regions, consistent with the results obtained from the AFM 
( Figure    3  a,b). TEM analysis further found that the annealed 
fi lms included two different phases without nanowires, one 
ordered and one apparently amorphous, in addition to the 
nanowire phase (Figure  3 b,c). The nanowires consisted of layer 
stacks with an interpolymer distance of 0.33 nm (Figure  3 b). 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2060–2071
The interlayer distance is in the range of expected  π -stacking 
distances and is, therefore, consistent with an interpolymer dis-
tance between polymer chains in an extended sheet conforma-
tion, suggesting that the nanowire was composed of polymer 
sheets. Similar layer stacks were also observed in the ordered 
phase without nanowires, the area of which was 5 − 15 nm by 
5 − 35 nm (Figure  3 c), but with a slightly larger interlayer dis-
tance of 0.37 nm, suggesting less dense packing of the polymer 
sheets than in the nanowires. The remaining phase without 
nanowires was apparently featureless and was, therefore, con-
sidered to be amorphous (Figure  3 b,c).  

 The TEM images of fi lms prepared from the PDIC8-EB solu-
tion without nanowires also revealed both ordered and amor-
phous phases (Supporting Information Figure S5). The ordered 
phases were similar in shape to those observed in fi lms pre-
pared from the PDIC8-EB nanowire suspension. The layer 
stacks in such ordered phases displayed an interlayer distance 
of 0.40 nm, slightly larger than that observed in fi lms prepared 
from a PDIC8-EB nanowire suspension. 

 In view of the results described above, the fi lms were further 
investigated by synchrotron GIXS analysis. The as-spun fi lms 
(which were fabricated from the nanowire suspension) revealed 
a two-dimensional (2D) GIXS pattern ( Figure    4  a). The 2D GIXS 
pattern showed arc and anisotropic ring scatterings (marked as 
1, 2, 3, and 4) in the low-angle region, suggesting that in the 
fi lm, the polymer chains formed an ordered structure; however, 
the polymer orientations were somewhat distributed. Similar 
GIXS patterns were observed for fi lms prepared from a PDIC8-
EB solution without nanowires (Supporting Information Figure 
S6), indicating that in both types of fi lms a signifi cant propor-
tion of ordered phases is present, consistent with the TEM 
analysis described above.  

 The arc and anisotropic ring scatterings became sharper in 
intensity and smaller in size upon thermal annealing (Figure  4 b–f), 
2063wileyonlinelibrary.commbH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

206

www.afm-journal.de

     Figure  6 .     Azimuthal scattering profi les of the peak 1 from the GIXS pat-
terns in Figure  4 .  

     Figure  5 .     a) Out-of-plane scattering profi les extracted from the 2D GIXS patterns in Figure  4  
along the   α   f  direction at 2  θ   f   =  0.0 ° ; b) in-plane scattering profi les from the 2D GIXS patterns in 
Figure  4  along the 2 θ  f  direction at   α   f   =  0.160 ° .  
suggesting that the structures in the fi lms became more ordered 
and preferentially oriented under thermal annealing. 

 The scattering data were further analyzed by extracting the 
out-of-plane and in-plane scattering profi les from the 2D GIXS 
patterns along the   α   f -direction at 2  θ   f   =  0 °  and the 2  θ   f -direction 
at   α   f   =  0.160 ° , respectively ( Figure    5  a,b).  

 For the as-spun fi lms, the scattering peaks 1 and 2 appeared 
at   α   f   =  3.93 °  and 7.86 °  (Figure  4 a and Figure  5 ). The relative 
peak positions from the specular refl ection indicated that the 
peaks 1 and 2 were fi rst- and second-order refl ections, respec-
tively. Peak 1 was relatively strong in intensity. In contrast, peak 
2 was very weak and, thus, not easily discernible. The inten-
sity of peak 1 was stronger in the out-of-plane scattering profi le 
than in the in-plane scattering profi le. In the out-of-plane scat-
tering profi le, the intensity of peak 1 was signifi cantly stronger 
upon thermal annealing at higher temperatures, up to 240  ° C 
(Figures  4  and Figure  5 a). For the in-plane scattering profi le, 
the intensity of peak 1 was stronger upon thermal annealing 
until a temperature of 160  ° C, but the intensity decreased dra-
matically upon thermal annealing at temperatures 200  ° C and 
higher (Figures  4  and Figure  5 b). 

 The  d -spacing of peak 1 was determined to be 2.01 nm, 
which is equivalent to two-thirds of the length of the major 
axis of the PDIC8 unit with the two  n -octyl side groups in a 
fully extended conformation, according to molecular simula-
tions using the Cerius 2  software (Accelrys, San Diego, CA, 
USA). Moreover, the molecular simulations reveal that one-
third of this major axis dimension correspond to the length 
of the planar PDI core, with each fully extended  n -octyl group 
contributing another third. Thus, these results collectively are 
fully consistent with an ordered phase (i.e., nanowire phase and 
ordered non-nanowire phase) in which the  n -octyl side groups 
are fully interdigitated with those in adjacent PDIC8 units, with 
the 2.01 nm repeat distance corresponding to the interpolymer 
repeat distance in the polymer plane. The GIXS measurements 
showed that the ordering and orientations of such multibilayer-
structured PDIC8 units were enhanced by thermal annealing; 
the enhancements depended on the annealing temperature. 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
www.MaterialsViews.com

 To get more detailed information about 
the degree of ordering and orientation of the 
PDIC8 units in the above-mentioned inter-
digitated structure, an azimuthal profi le of 
the peak 1 was extracted from each 2D GIXS 
pattern in Figure  4  and then analyzed. The 
obtained azimuthal profi les are displayed 
together in  Figure    6   as a function of azi-
muthal angle   μ  . The azimuthal scattering 
intensity  I  GIXS ,  ϕ   (  μ  ) can be obtained by 
averaging  I GIXS  (  μ  ) over possible orientations 
of the multibilayer structured PDIC8 unit: [  35  ] 

 

IGI X S,ϕ(μ) =
π∫

−π

IGI X S(μ)D(ϕ)dϕ

  

(1)   

  

 where  D ( ϕ   ) is a distribution function of 
the orientation vector  n  for the multibilayer 
structured PDIC8 unit with respect to the 
out-of-plane of the fi lm, where  ϕ    is the polar 
angle between the  n  vector and the out-of-
plane of the fi lm. The second order orientation factor  O  s  (which 
is a measure of the orientation of the multibilayer structured 
PDIC8 unit) can be defi ned as the following equation: [  35  ,  36  ] 

 
Os =

∫
D(ϕ)

(3 cos2 ϕ − 1)

2
dϕ.

  
(2)   

 

 When  D ( ϕ   ) is strongly peaked around  ϕ     =  0 (i.e., vertical 
orientation), cos  ϕ     =  1 and  O  s   =  1; on the other hand, if the 
orientation is entirely random,  < cos 2   ϕ     =  1/3 and  O  s   =  0. All 
heim Adv. Funct. Mater. 2013, 23, 2060–2071
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   Table  1.     Data for scattering peak 1 in the two-dimensional GIXS patterns 
measured for the PDIC8-EB fi lms deposited on silicon substrates before 
and after thermal annealing for 1 h at various temperatures. 

Polymer Film Peak 1    Orientation

Annealing 
Temperature [ºC]

 I  max(  μ    =  0 ° )  a)   I  min(  μ    =   ± 90 ° )  b)   R  c)   ϕ    d)  
[deg]

 γ    ϕ    e)  
[deg]

 O  s  f)  

25 g) 45.7 15.2 3.0 0 126.2 0.12

25 h) 333.7 58.7 5.7 0 78.4 0.21

100 i) 410.1 10.4 39.4 0 27.3 0.51

120 i) 435.5 10.7 40.7 0 27.0 0.51

160 i) 1156.0 8.5 136.8 0 16.7 0.65

200 i) 2205.6 10.4 212.1 0 11.9 0.73

240 i) 1489.5 13.1 114.1 0 17.1 0.64

    a) The intensity at the peak maximum in the azimuthal scattering profi le of the peak 
1, which corresponded to the intensity at an azimuthal angle   μ   of 0 °  (Figure  6 ).  
    b) The intensity at the peak minimum in the azimuthal scattering profi le of the peak 
1, which corresponded to the intensity at an azimuthal angle   μ   of  ± 90 °  (Figure  6 ).  
    c)  I  max(  μ    =  0 ° ) / I  min(  μ    =   ± 90 ° ).       d) The mean orientation angle; here the orientation angle 
  φ   is defi ned by the polar angle between the orientation vector  n  and the out-of-
plane of the fi lm where the vector  n  is given for the multibilayer structured PDIC8 
unit with respect to the out-of-plane of the fi lm.      e) The half-width at the half-max-
imum (HWHM) of orientation distribution.      f) Orientation factor, which the second 
order orientation factor, a measure of the orientation of the multibilayer struc-
tured PDIC8 unit.      g) The as-spun fi lm fabricated from a PDIC8-EB solution without 
nanowires.      h) The as-spun fi lm fabricated from the PDIC8-EB nanowire suspension.  
    i) The fi lm was fabricated from the PDIC8-EB nanowire suspension and then ther-
mally annealed at a given temperature for 1 h in inert condition.   
the azimuthal scattering profi les showed a maximum intensity 
at   μ    =  0 °  and a minimum at   μ    =  90 °  and  − 90 °  (Figure  6 ). These 
scattering profi les were found to be satisfactorily fi tted by using 
eq 1 with Cauchy–Lorentz distribution function:

 
D(ϕ) = 1

π

[
γϕ

(ϕ − ϕ)2 + γ 2
ϕ

]
.

  
(3)   

where  ϕ    is the mean angle and  γ     ϕ    is the half-width at the 
half-maximum (HWHM) of  ϕ    from  ϕ   . The orientation anal-
ysis results, as well as the maximum and minimum scattering 
intensities ( I  max( μ   =  0 ° )  and  I  min( μ   =   ± 90 ° ) ) and their ratio  R  are sum-
marized in  Table    1  .  

 Peak 1 for the as-spun fi lm (which was prepared from the 
PDIC8-EB nanowire suspension) in the azimuthal profi le 
was very weak and broad. This weak broad scattering peak 
yielded the following values:  R   =  5.7 ( =   I  max(  μ    =  0 ° ) / I  min(  μ    =   ± 90 ° )  
 =  333.7/58.7),  ϕ     =  0 ° ,  γ    ϕ     =  78.4 ° , and  O  s   =  0.21, confi rming 
that the interdigitated multi-bilayers of PDIC8 units were pref-
erentially aligned along the out-of-plane direction of the fi lm, 
but the orientation angle distribution was broad. The multibi-
layer-structured PDIC8 units in the as-spun fi lm prepared from 
the PDIC8-EB solution without nanowires were also found 
to be preferentially oriented along the out-of-plane direction 
of the fi lm, but with a much broader orientation distribution: 
 R   =  3.0 ( =  45.7/15.2),  ϕ     =  0 ° ,  γ     ϕ     =  126.2 ° , and  O  s   =  0.12) 
(Table  1 ). The peak intensity was one-seventh the intensity of 
the corresponding peak for a fi lm prepared from the PDIC8-
EB nanowire suspension, indicating that both the degree of 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2060–2071
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ordering and the population of the multi-bilayered structure 
were much lower in the fi lm prepared from the PDIC8-EB 
solution without nanowires than in the fi lm prepared from the 
PDIC8-EB nanowire suspension. 

 The intensity of peak 1 was higher and sharper after thermal 
annealing. The maximum peak intensity gradually increased 
with increasing annealing temperature until 120  ° C, after 
which point the peak intensity dramatically increased with 
further increases in the annealing temperature up to 200  ° C. 
Annealing at temperatures beyond 200  ° C, however, yielded 
lower maximum peak intensities (Figure  6  and Table  1 ). These 
collectively indicate that the degree of ordering, orientation 
and population of the multi-bilayered PDIC8 units in the fi lm 
were signifi cantly enhanced via thermal annealing process. 
The highest degree of ordering was achieved upon annealing 
at 200  ° C. The orientation factor  O  s  dramatically increased to 
0.73 and the orientation distribution was relatively small ( γ    ϕ     =  
11.9 ° ) for the fi lm annealed at 200  ° C, in comparison to the as-
spun fi lm with an  O  s  of 0.21 and a  γ     ϕ    of 78.4 ° . 

 Peaks 3 and 4 appeared at 2  θ   f   =  5.75 °  ( d -spacing  =  1.38 nm) 
and 11.45 °  ( d -spacing  =  0.69 nm), respectively (Figure  4 a and 
Figure  5 ). These peaks were clearly detected in the in-plane 
scattering profi le but were not discernible in the out-of-plane 
scattering profi le. The intensities of both peaks strengthened 
and the shapes grew sharper upon thermal annealing at higher 
temperatures (Figure  5 b). The relative specular refl ection peak 
positions indicated that peak 4 was the second-order refl ection 
of peak 3. The  d -spacings of the fi rst order peak (peak 3) agreed 
well with the length of the chemical repeat unit along the pol-
ymer backbone according to the Cerius 2  software. Based on this 
assignment, the data indicate that the ordered polymer back-
bones are preferentially aligned in the plane of the fi lm. The 
polymer backbone ordering increased upon thermal annealing, 
but the enhancement depended on the annealing temperature. 
The highest ordering and in-plane orientations of the polymer 
backbones were observed in the fi lm annealed at 200  ° C. 

 In addition to the arc and anisotropic peaks discussed above, 
the as-spun fi lm showed a very broad scattering ring (i.e., peak 
5) over the range 10 − 27 °  (Figure  4  and Figure  5 ). The peak max-
imum appeared at 19.41 °  ( d -spacing  =  0.41 nm) in the out-of-plane 
scattering profi le and at 17.93 °  ( d -spacing  =  0.44 nm) in the in-
plane scattering profi le. The very broad peaks and relatively short 
 d -spacing permitted the ring scattering patterns to be assigned as 
refl ections from the polymer chains and side groups separated 
by a distribution of interpolymer distances. The  d -spacing for the 
out-of-plane scattering profi le was slightly smaller than that for 
the in-plane scattering profi le, indicating that overall, the polymer 
chains were packed somewhat more closely along the out-of-plane 
direction of the fi lm than along the fi lm plane. Slight packing dif-
ferences in the polymer chains may be attributed to the preferen-
tial in-plane orientations of the polymer backbone in the nanom-
eter-scale thin fi lm. The ring scattering pattern positions did not 
vary signifi cantly upon thermal annealing. 

 The structural information described above was used to 
develop a molecular packing model of the polymer chains in 
the nanowires and ordered phases, as shown in Figure  3 d,e. 

 The polymer fi lms prepared from the PDIC8-EB nanowire 
suspension were investigated by synchrotron X-ray refl ectivity 
(XR) analysis. The polymer fi lms submitted to XR analysis were 
2065wileyonlinelibrary.combH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

206

www.afm-journal.de
www.MaterialsViews.com

   
  Figure  7 .     a) Representative XR profi les of an OTS-C8 layer coated onto a 
silicon substrate and PDIC8-EB fi lms (which were prepared with a PDIC8-
EB nanowire suspension (10 mg mL  − 1  in CHCl 3 )) on the OTS-C8 treated 
silicon substrates before and after thermal annealing at various tempera-
tures in a glove box under nitrogen atmosphere. The symbols are the 
measured data and the solid line represents the fi t curve assuming a 
homogeneous electron density distribution within the fi lm. b) Electron 
density profi les across the OTS-C8 layer alone and the polymer fi lm layer 
in contact with the OTS-C8 layer, which were determined from the anal-
ysis of the data in (a).  
prepared on Si substrates treated with  n -octyltrichlorosilane 
(OTS-C8) in order to obtain information about the silane-pol-
ymer interface structure present in OFET devices. The OTS-C8-
treated Si substrates were also examined by XR analysis. The 
XR data are shown in  Figure    7  a. All XR data could be fi t using 
Parratt’s fi tting algorithm [  37  ]  (Figure  7 a). The analysis results 
are provided in Figure  7 b and  Table    2  .   

 The OTS-C8 layer deposited onto the silicon substrate had 
an overall electron density   ρ   e  of 300 nm  − 3  and a thickness  d  
of 1.18 nm. The XR analysis results showed that the OTS-C8 
monolayer consisted of two sublayers, a silicon-rich layer 
(  ρ  e    =  830 nm  − 3 ,  d   =  0.22 nm) and a hydrocarbon (i.e., alkyl)-rich 
layer (  ρ  e    =  178 nm  − 3 ,  d   =  0.96 nm). Here, the silicon-rich layer 
thickness agreed with the value estimated based on molecular 
simulations using the Cerius 2  software; however, the alkyl-rich 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
layer thickness was slightly lower than the length of 1.03 nm) for 
the  n -octyl groups linked to silicon in the fully extended confi r-
mation, as estimated by molecular simulations. The results sug-
gest that the self-assembled OTS-C8 monolayer that formed on 
the silicon substrate featured alkyl groups that were tilted by ca. 
21 °  with respect to the normal direction of the substrate plane. 

 The as-spun PDIC8-EB fi lms (which were coated onto the 
OTS-C8-treated silicon substrates) were characterized as having 
  ρ   e   =  435 nm  − 3 ,  d   =  23.45 nm, and a surface roughness   σ   of 
0.85 nm. This surface roughness   σ   value agrees well with the 
value obtained from AFM analysis. 

 The polymer fi lm was modeled including an interfacial layer 
with   ρ   e   =  177 nm  − 3 ,  d   =  0.97 nm, and   σ    =  0.30 nm in contact 
with the bottom OTS-C8 layer. The alkyl-rich sublayer was char-
acterized as having   ρ   e   =  146 nm  − 3  and  d   =  0.70 nm. Here, the 
  ρ   e  value was lower and the  d  value was slightly smaller than the 
values obtained prior to the top polymer layer deposition. These 
results suggested that the PDIC8-EB polymer molecules, partic-
ularly the alkyl side groups, interacted favorably with the  n -octyl-
rich sublayer in the self-assembled OTS-C8 bottom layer during 
polymer solution coating and the subsequent drying process. 
As a result, the polymer alkyl side groups and the bottom layer 
 n -octyl groups may have partially interdigitated to form a thin 
interfacial layer, which disrupted the packing structure of the 
self-assembled bottom layer (the alkyl-rich sublayer). 

 All layers in the fi lm showed an increase in the electron den-
sity   ρ   e  upon thermal annealing at temperatures up to 200  ° C. 
Annealing at temperatures beyond 200  ° C resulted in a decrease 
in the   ρ   e  value. The thickness of the alkyl-rich sublayer in the 
OTS-C8 layer did not vary signifi cantly upon thermal annealing. 
By contrast, the thickness of the other layers depended on the 
thermal annealing history. The XR analysis results indicated 
that the polymer layer and the interfacial layer in contact with 
the alkyl-rich OTS-C8 sublayer underwent densifi cation (i.e., 
better ordering) through thermal annealing. The highest degree 
of ordering was observed after thermal annealing at 200  ° C. The 
results are consistent with the scattering analysis, as described 
above. 

 Bottom-gate and bottom-contact (BGBC) OFET devices 
(Supporting Information Figure S7a) were fabricated from the 
PDIC8-EB nanowire suspension or from the PDIC8-EB solution 
without nanowires. Devices with a bottom silicon gate electrode 
and gold source-drain contacts were fabricated on Si substrates 
with a SiO 2  insulating layer, which were treated with OTS-C8 
to render the surface hydrophobic. The device performance was 
investigated before and after thermal annealing at a given tem-
perature for 1 h in nitrogen atmosphere. All devices behaved as 
n-channel OFETs, with no measurable p-channel behavior. The 
as-prepared BGBC OFET devices fabricated from the PDIC8-EB 
nanowire suspension exhibited typical n-channel behavior with 
an electron mobility,   μ   e , of 8.6  ×  10  − 3  cm 2  V  − 1  s  − 1 , an on/off ratio, 
 I  on  /I  off , of 1.0  ×  10 5 , and a threshold voltage,  V  th , of 33 V over a 
large source–drain  V  ds  up to 80 V bias (Supporting Information 
Figure S7 and Table S1). Both   μ   e  and  I  on  /I  off  were improved by a 
factor of two upon thermal annealing at temperatures exceeding 
100 − 180  ° C; however,  V  th  did not vary signifi cantly with thermal 
annealing (Supporting Information Table S1). 

 The as-prepared BGBC devices fabricated using the PDIC8-
EB solution without nanowires displayed relatively poor 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2060–2071
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     Figure  8 .     a) Schematic structure of BGTC OFET devices; b) output curves and c) transfer 
curves of the PDIC8-EB based OFETs devices annealed at 200  ° C for 1 h in a glove box under 
nitrogen atmosphere; d) transfer curves of the PDIC8-EB based OFETs devices annealed at 
various temperatures for 1 h in a glove box under nitrogen atmosphere; e) fi eld-effect electron 
mobility   μ   e  and hysteresis (  Δ V ) at 1.0  ×  10  − 8  A which were obtained from the  I − V  data in (d).  

   Table  2.     Structural parameters and electron density profi les of PDIC8-EB fi lms deposited on the OTS-C8 treated silicon substrates before and after 
thermal annealing at various temperatures a)  .

Thermal annealing 
temperature [ ° C]

OTS-C8 layer Interfacial layer PDIC8-EB layer

Si-rich layer Alkyl-rich layer

 d   b)   
[nm]

  ρ  e   c)  
[nm  − 3 ]

  σ   d)  
[nm]

 d  b)  
[nm]

  ρ  e   c)  
[nm  − 3 ]

  σ   d)  
[nm]

 d  b)  
[nm]

  ρ  e   c)  
[nm  − 3 ]

  σ   d)  
[nm]

 d  b)  
[nm]

  ρ  e   c)  
[nm  − 3 ]

  σ   d)  
[nm]

25 e) 0.22 830 0.5 0.96 178 0.09

25 0.22 830 0.5 0.70 146 0.20 0.97 177 0.30 23.45 435 0.85

100 0.22 830 0.5 0.69 153 0.32 0.94 183 0.24 22.96 450 0.75

120 0.22 830 0.5 0.70 160 0.38 0.92 191 0.21 22.53 457 0.72

160 0.22 830 0.5 0.70 165 0.33 0.90 193 0.21 21.92 460 0.80

200 0.22 830 0.5 0.70 165 0.19 0.74 196 0.21 21.34 472 0.77

240 0.22 830 0.5 0.65 160 0.22 0.68 178 0.37 21.72 465 0.83

    a) Annealed at a given temperature for 1 h in a glove box under nitrogen atmosphere.      b) Layer thickness.      c) Electron density of layer.      d) Roughness of layer in contact with air, 
lower or upper layer.      e) OTS-C8 treated silicon substrate before PDIC8-EB polymer coating.   
performances:   μ   e   =  5.1  ×  10  − 4  cm 2  V  − 1  s  − 1 , 
 I  on  /I  off   =  4.8  ×  10 3 , and  V  th   =  16 V. The   μ   e  and 
 I  on  /I  off  values also improved upon thermal 
annealing, although the values were one order 
of magnitude lower than those of devices 
fabricated using the PDIC8-EB nanowire 
suspension (Supporting Information Table 
S1).  V  th  was found to be 16 V, which corre-
sponded to approximately one-half of the 
value typically measured for devices fabri-
cated using a PDIC8-EB nanowire suspen-
sion.  V  th  decreased signifi cantly upon thermal 
annealing. These results indicate that, overall, 
the BGBC OFET devices fabricated using the 
PDIC8-EB nanowire suspension performed 
much better in terms of mobility and on/off 
ratio than OFET devices prepared using the 
PDIC8-EB solution without nanowires. On 
the other hand the devices prepared using the 
PDIC8-EB solution without nanowires exhib-
ited lower  V  th  values. These may indicate 
better physical interaction with the bottom 
gate dielectric and/or with the source-drain 
contacts than in the devices prepared from 
the PDIC8-EB nanowire suspension. How-
ever, poorer contacts would also be expected 
to adversely affect mobility, suggesting either 
that the interactions with the dielectric are 
responsible. Such contacts improved upon 
thermal annealing at temperatures up to 
150  ° C, although thermal annealing at 180  ° C 
did little to improve  V  th . 

 Bottom-gate and top-contact (BGTC) 
OFET devices ( Figure    8  a) were also fabri-
cated from the PDIC8-EB nanowire suspen-
sion. The devices were fabricated on SiO 2 /Si 
substrates with surfaces that had been pre-
treated with OTS-C8 or hexamethyldisilazane 
(HMDS). SiO 2 /Si substrates without silane-
derivative treatment were also used for device 
2067wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 2060–2071



FU
LL

 P
A
P
ER

206

www.afm-journal.de
www.MaterialsViews.com

   Table  3.     Performance of the bottom-gate and top-contact (BGTC) OFET 
devices (which were fabricated with the PDIC8-EB nanowire suspension) 
before and after thermal annealing at various temperatures. a)  

Thermal 
annealing 
temperature [ ° C]

Device characteristics

  μ   e  b)  
[cm 2  V  − 1  s  − 1 ]

 I  on  /I  off  c)  V  th  d)  
[V]

Hysteresis 
 Δ  V  e)  [V]

As-fabricated 3.0 ( ± 0.3)  ×  10  − 2 2.0 ( ± 0.1)  ×  10 5 10 ( ± 0.2) 8.5 ( ± 0.1)

100 4.6 ( ± 0.3)  ×  10  − 2 8.3 ( ± 0.3)  ×  10 5 9 ( ± 0.1) 3.0 ( ± 0.1)

120 5.3 ( ± 0.2)  ×  10  − 2 1.6 ( ± 0.1)  ×  10 6 8 ( ± 0.1) 2.0 ( ± 0.1)

180 9.0 ( ± 0.2)  ×  10  − 2 3.9 ( ± 0.2)  ×  10 6 8 ( ± 0.2) 0.5 ( ± 0.1)

200 1.0 ( ± 0.5)  ×  10  − 1 3.7 ( ± 0.1)  ×  10 6 8 ( ± 0.1) 0.5 ( ± 0.1)

240 1.5 ( ± 0.6)  ×  10  − 2 2.3 ( ± 0.1)  ×  10 6 9 ( ± 0.1) 1.0 ( ± 0.1)

    a) Annealed at a given temperature for 1 h in a glove box under nitrogen atmos-
phere.       b) Average electron mobility.      c) The current on-off ratio determined from 
the current at  V  g   =  80 V ( I  on ) and the minimum current at  V  g   ≈  –20 to 3 V ( I  off ).  
    d) Threshold voltage.      e) The  I  ds – V  g  hysteresis measured at  I  sd  of 1  ×  10  − 8  A ( V  sd   =  
80 V) in transfer curves between off-to-on and on-to-off sweeps of the device.   
fabrication, for comparison purposes. Representative device 
performance data are shown in Supporting Information Figure 
S8. The OTS-C8 treated devices performed much better than 
the other devices. The alkyl groups of the OTS-C8 were analo-
gous to the side groups in the PDIC8 units of the active PDIC8-
EB polymer, providing good affi nity for the active polymer 
layer in the device (as confi rmed by the XR analysis discussed 
above). The OTS-C8-treated devices performance was further 
investigated before and after thermal annealing at a selected 
temperature for 1 h in a glove box under a nitrogen atmosphere 
( <  0.1 ppm O 2 ). Representative current − voltage data are shown 
in Figure  8 b–d. The device performance analysis results are 
summarized in Figure  8 e and  Table    3  .   

 The as-prepared devices were characterized as having the 
following values:   μ   e   =  3.0  ×  10  − 2  cm 2  V  − 1  s  − 1 ,  I  on  /I  off   =  2.5  ×  
10 5 ,  V  th   =  10 V and a hysteresis,  Δ  V,  of 8.0 V (Figure  8 e and 
Table  3 ). Here,   Δ V  is the  I  sd   − V  g  hysteresis defi ned as the voltage 
difference at a source-drain current  I  sd  of 1  ×  10  − 8  A ( V  sd   =  
80 V) in the transfer curves between the off-to-on and on-to-
off sweepings of the device, where  V  g  is the gate voltage. The 
BGTC device performed much better than unannealed BGBC 
devices fabricated using the same PDIC8-EB nanowire suspen-
sion and comparably to thermally annealed BGBC PDIC8-EB 
nanowire devices.  V  th  for the BGTC device was only one-third 
to one-fourth the value observed for the BGBC devices prepared 
with PDIC8-EB nanowires. These results indicate that the 
PDIC8-EB-based OFET device performance depended strongly 
on the device structure and fabrication process. Better device 
performance characteristics may result from better interfacial 
contacts between the active polymer layer and the electrodes. In 
particular, gold deposition onto the active polymer layer during 
BGTC device fabrication may yield better interfacial contact 
than are obtained by depositing the polymer onto gold in BGBC 
device fabrication. 

 We investigated the stability in air of the BGTC devices fabri-
cated using the PDIC8-EB nanowire suspension. For this inves-
tigation, the devices were fi rst thermally annealed at 120  ° C for 
1 h in nitrogen atmosphere. Devices were then tested before 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
and after exposure to air. The device tests were also conducted 
in ambient air. The test results are shown in Supporting 
Information Figure S9. The fi rst sweep test run in a nitrogen 
atmosphere prior to air exposure revealed   μ   e   =  0.049 cm 2  V  − 1  
s  − 1 ,  V  th   =  10 V, and  Δ  V   =  2 V ( =  10–12 V) (i.e.,  I − V  hysteresis). 
The second sweep test run in ambient air after exposure to air 
for 24 h revealed   μ   e   =  0.022 cm 2  V  − 1  s  − 1 ,  V  th   =  37 V, and  Δ  V   =  
19 V ( =  27–42 V). The third sweep test run under a nitrogen 
atmosphere after exposure to air for 24 h revealed   μ   e   =  
0.031 cm 2  V  − 1  s  − 1 ,  V  th   =  25 V, and   Δ V   =  8 V ( =  43–51 V). Overall, 
the device performance varied, depending on the exposure to air 
and the test conditions (nitrogen atmosphere versus ambient 
air). The devices functioned better under inert conditions than 
in ambient air. The device performance was not fully recovered, 
even though the devices were operated under inert conditions 
after exposure to air. This result is consistent with the electro-
chemically estimated EA value of the polymer, which is lower 
in magnitude than the generally recognized threshold for air-
stable n-channel operation. [  38  ,  39  ]  

 Interestingly, the BGTC OFET device performance improved 
signifi cantly upon thermal annealing at higher temperatures up 
to 200  ° C (Figure  8 e and Table  3 ). A maximum electron mobility 
of 0.10  ±  0.05 cm 2  V  − 1  s  − 1  was achieved, along with a high on/
off ratio (3.7  ×  10 6 ) for devices annealed at 200  ° C. This   μ   e  value 
was remarkably high compared to the values (0.001–0.06 cm 2  
V  − 1  s  − 1 ) for the n-channel BGTC NDI- and PDI-based polymer 
FET devices reported thus far. [  19–21  ,  24  ,  25  ]  

 For the 200  ° C annealed devices, we further attempted to 
investigate electron mobility in the linear regime (i.e., low lat-
eral electric fi eld region), in addition to the saturation electron 
mobility   μ   e . The  I  sd  data were extracted at 3.0 V in the linear 
regime from the output curves (Figure  8 b) and plotted with a 
function of  V  g  (Supporting Information Figure S10). The data 
analysis gave a linear electron mobility   μ   e,l  of 7.4  ×  10  − 2  cm 2  
V  − 1  s  − 1 . The obtained   μ   e,l  value was relatively lower than the   μ   e  
value. This result implies that there is contact resistance at the 
interface of PDIC8-EB layer and source-drain channels in the 
device under low lateral electric fi eld in the linear region and 
that electron injection can be assisted by high lateral electric 
fi eld under saturation conditions. 

 Overall, the excellent performance of PDIC8-EB-based BGTC 
devices may result from the edge-on molecular stacking in the 
active fi lm layer with partial interdigitation among the alkyl side 
groups and the in-plane backbone orientations of the PDIC8-EB 
molecules. These properties were achieved through nanowire 
formation and appropriate thermal annealing, as discussed in 
the AFM, TEM, GIXS, and XR analysis sections. The highest 
ordering and in-plane orientations of the PDIC8-EB molecules 
were obtained by thermal annealing at 200  ° C, yielding high 
electron mobilities in the devices.   

 3. Conclusions 

 PDIC8-EB (an n-channel polymer that is thermally stable up 
to 400  ° C) was synthesized with a reasonably high molecular 
weight via the Sonogashira coupling reaction of PDIC8 and 
EB. The resulting polymer was soluble in common organic sol-
vents and yielded high-quality thin fi lms through conventional 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2060–2071



FU
LL P

A
P
ER

www.afm-journal.de

www.MaterialsViews.com

spin-coating process. In chloroform, the polymer mole-
cules underwent self-assembly at room temperature to form 
nanowires, producing a PDIC8-EB nanowire suspension. Anal-
ysis of the optical and electrochemical properties revealed that 
the polymer exhibited a relatively high EA value (ca. 3.9 eV) and 
a large transport gap (2.2 eV). 

 Nanometer-scale fi lms of the polymer were prepared from 
both a nanowire suspension and from a homogeneous solu-
tion, and the fi lm structures were investigated by AFM, TEM, 
GIXS, and XR analysis. The fi lms prepared from the nanowire 
suspension included three phases (an ordered nanowire phase 
and ordered and amorphous non-nanowire phase) whereas the 
homogeneous solution yielded only two phases (the ordered 
and amorphous phases). The population of the ordered phase 
was higher in the fi lm prepared from the nanowire suspension 
than in the fi lm prepared from the homogeneous solution. The 
nanowires were composed of molecularly multibilayer-struc-
tured polymer chains oriented in such a way that the PDIC8 
units were laterally stacked together in an edge-on manner with 
respect to the fi lm plane and the backbones were preferentially 
oriented along the fi lm plane. The multibilayer structures dis-
played full interdigitation among the  n -octyl side groups of the 
PDIC8 units of adjacent layers. The ordered phases displayed 
structures similar to those observed for the nanowires; however, 
the molecular packing density was slightly lower than that of the 
nanowires. The degree of ordering and the orientations of the 
multibilayer structures were enhanced by thermal annealing; 
however, the enhancements depended on the annealing tem-
perature. The highest ordering and degree of orientation were 
achieved by thermal annealing at 200  ° C. The 200- ° C-annealed 
fi lm revealed the highest electron density measured here. The 
polymer fi lm also made better contact with the self-assembled 
OTS-C8 monolayer (deposited onto the SiO 2 /Si substrate) 
through favorable interactions between the alkyl groups of the 
polymer and the silane derivative. 

 The highly ordered multibilayer structure and its high degree 
of orientation resulted in an excellent device performance for 
OFET devices prepared using the polymer as an active layer. 
The electron mobility   μ   e  was 0.10  ±  0.05 cm 2  V  − 1  s  − 1 , with a 
high on/off ratio (3.7  ×  10 6 ), for the BGTC device prepared with 
the 200  ° C annealed polymer fi lm (prepared from the nanowire 
suspension). Finally, the active polymer layer displayed a rela-
tively low threshold voltage  V  th  (8 V) and negligible hysteresis 
 Δ  V  (0.5 V). 

 Overall, the present fi ndings demonstrate that PDIC8-EB 
polymer nanowires provide a suitable active material for the 
fabrication of active layers in high-performance n-channel 
OFET devices via a simple solution coating process.   

 4. Experimental Section 
  Materials : Sll chemicals were purchased from Aldrich and used 

without further purifi cation unless stated otherwise. 
  Synthesis of N,N ′ -Dioctyl-1,7(6)-dibromoperylene-3,4,9,10-bis(dicar-

boximide) (PDIC8) . 1,7-Dibromoperylene-3,4,9,10-bis(dicarboxylic 
anhydride) was synthesized according to a method reported previously 
in the literature. [  40  ]  1,7-Dibromoperylene-3,4,9,10-bis(dicarboxylic 
anhydride) was further reacted with  n -octyl-1-amine was carried out as 
follows. [  41  ,  42  ]  1,7-Dibromoperylene-3,4,9,10-bis(dicarboxylic anhydride) 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2060–2071
(1.50 g, 2.6 mmol) in a mixture of  n -butyl alcohol and deionized water 
(1:1, v/v, 100 mL) was sonicated for 10 min. Then,  n -octyl-1-amine 
(1.03 g, 8.0 mmol) was added and the reaction mixture was stirred at 
80  ° C for 17 h under nitrogen atmosphere. Concentrated aqueous HCl 
(10 mL) was added and the mixture was stirred at room temperature for 
30 min. The mixture was extracted with chloroform (2  ×  100 mL), washed 
with deionized water (2  ×  100 mL), and dried over anhydrous Na 2 SO 4 . 
The solvent was removed and the residue was purifi ed by column 
chromatography over silica gel eluting with dichloromethane, giving 
the target product PDIC8 in a red solid (1.8 g, 90% yield). The obtained 
product was identifi ed by  1 H NMR spectroscopy.  1 H NMR (300 MHz, 
CDCl 3 ,   δ   (ppm)): 9.42 (d,  J   =  8.0 Hz, 2H), 8.91 (s, 2H), 8.68 (d,  J   =  
8.0 Hz, 2H), 4.17 (t,  J   =  7.50 Hz, 4H), 1.73 (d,  J   =  7.20 Hz, 4H), 1.28 (s, 
20H), 0.88 (t,  J   =  6.90 Hz, 6H). The  1 H NMR data were confi rmed to 
be consistent with those reported previously in the literature. [  38  ,  41  ]  The 
product likely contained a mixture of 1,7- and 1,6-isomers as commonly 
observed in materials originated from dibromoperylenebis(dicarboxylic 
anhydride), and was used without separation of the isomers. 

  Synthesis of Poly([N,N ′ -dioctylperylene-3,4,9,10-bis(dicarboximide)-
1,7(6)-diyl]-alt-[(2,5-bis(2-ethylhexyl)-1,4-phenylene)bis(ethyn-2,1-diyl]) 
(PDIC8-EB) : The above obtained PDIC8 (0.50 g, 0.646 mmol) was 
weighed into an oven-dried Schlenk fl ask containing a stir bar. 1,4-Bis(2-
ethylhexyl)-2,5-diethynylbenzene (EB) [  41  ]  (0.226g, 0.646 mmol) was 
dissolved in tetrahydrofuran (THF, 5 mL) and added by syringe into 
the Schlenk vessel under nitrogen. Additional dry THF (5 mL) and 
triethylamine (5 mL, 3.63 g, 35.9 mmol) were added by syringe. 
PdCl 2 (PPh 3 ) 2  (8.95 mg, 0.0128 mmol) and copper(I) iodide (2.43 mg, 
0.0128 mmol) were added to the reaction mixture. The reaction mixture 
was pump-fi lled with nitrogen three times, stirred for 15 min at room 
temperature, and then heated at 90  ° C for 3 days (during which time 
a dark suspension with precipitates was formed). After allowing the 
mixture to cool to room temperature, it was added dropwise to methanol 
(ca. 300 mL), and the resulting solid was fi ltered. The crude product–a 
blackish solid–was purifi ed by Soxhlet extraction with methanol, acetone, 
hexane, and chloroform. The chloroform extracts were precipitated into 
methanol and dried in vacuum, giving PDIC8-EB in a dark solid (530 mg, 
0.552 mmol, 85% yield). UV-vis (CHCl 3 ,   λ   max  (nm)): 365, 467, 581, 633 
nm. UV-vis (fi lm,   λ   max  (nm)): 365, 475, 582, 634. GPC (after Soxhlet) 
in CHCl 3  (with heating to dissolve the sample):  Mw    =  66 900 Da; PDI 
 =  4.22.  1 H NMR (CDCl 3 , 500 MHz,  δ  (ppm)): 9.74 (br, 2H), 8.57 (br, 
4H), 7.95-7.65 (br, 2H), 4.26 (br, 4H), 2.96 (br, 4H), 2.55-0.88 (br, 60H). 
Elemental analysis. Calcd. for C 66 H 76 N 2 O 4 : C, 82.46%; H, 7.97%; N, 
2.91%. Found: C, 81.61%; H, 8.16%; N, 2.91%. 

  Preparation of Suspension of PDIC8-EB Nanowires : A suspension of 
PDIC8-EB nanowires was prepared by dissolving the polymer (5 − 10 mg) 
in deoxygenated chloroform (1 mL) under nitrogen atmosphere. The 
mixture was stirred at 80  ° C for 24 h to obtain a completely dissolved 
hot solution and then cooled to room temperature, followed by 
fi ltration through polytetrafl uoroethylene (PTFE) membrane microfi lters 
with a pore size of 0.2  μ m. The fi ltered suspension was kept at room 
temperature in the dark for 72 h, during which time its viscosity 
increased. The suspension was stored in nitrogen atmosphere before 
used for fabricating OFET devices and/or for characterization purposes. 

  Measurements : Thermogravimetric analysis (TGA) was conducted at 
a heating rate of 10  ° C min  − 1  under a nitrogen gas fl ow of 30 mL min  − 1  
using a Seiko TG/DTA-6300 thermal analyzer. Differential scanning 
calorimetry (DSC) was carried out at a heating rate of 10  ° C min  − 1  under 
a nitrogen atmosphere using a TA instruments 2100 calorimeter. 

 Electrochemical measurements were carried out in dry deoxygenated 
0.1 M tetra- n -butylammonium hexafl uorophosphate in chloroform using 
a CH Instrument Electrochemical Workstation #A2314 potentiostat 
and a conventional three-electrode cell with a glassy carbon working 
electrode, platinum wire counter electrode, and an Ag wire coated with 
AgCl as the pseudo-reference electrode. Potentials were referenced to 
ferrocenium/ferrocene by using ferrocene as an internal reference. Cyclic 
voltammograms were recorded at a scan rate of 50 mV s  − 1 . For a polymer 
fi lm, it was deposited onto a Pt working electrode by drop casting from 
a solution (0.1 wt% solid) of the polymer in chloroform and then dried 
2069wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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under vacuum at 80  ° C for 2 h and then scanned at a rate of 50 mV s  − 1  
in deoxygenated 0.1 M tetra- n -butylammonium hexafl uorophosphate in 
acetonitrile. For the polymer fi lm cast onto a heavily doped n  +   − Si(100) 
substrate, the ionization potential (IP) of the polymer was measured by 
ultraviolet photoelectron spectroscopy (UPS; He-I source,  h ν    =  21.2 eV) 
using a VG ESCALAB 220i spectrometer; here, the IP was obtained from 
a relationship, IP  =   hv  – ( E  K  max   −   E  K  cutoff ) where  E  K  cutoff  is the inelastic cutoff, 
at which electrons have just suffi cient energy to escape from the solid, 
and  E  K  max  is the energy of the highest kinetic energy electrons detected, 
which corresponds to ionization from the highest fi lled orbital. For the 
polymer thin fi lms which were spin-coated onto Si substrates at ambient 
atmosphere at 700 rpm for 40 s and then dried for 24 h in vacuum at 
room temperature, AFM experiments were carried out in tapping mode 
at ambient temperature using a microscope (Veeco Instruments SPM 
3100). Both topographical and phase images were acquired at the 
same time. Using an electron microscope (JEOL JEM 2200FS), high 
resolution TEM analysis was carried out with a working voltage of 
200 keV and a point resolution of 0.1 nm on delaminated thin fi lms, 
which were transferred onto 300 mesh copper grids and then annealed at 
200  ° C. Exposure time and electron dose were reduced to minimize the 
possibility of electron-irradition damage; parameters for imaging were 
also optimized. The samples were dried in vacuum and stored under 
nitrogen. For the polymer fi lms coated on silicon substrates, synchrotron 
GIXS measurements were conducted at the 3C and 4C beamlines [  43  ]  
of the Pohang Accelerator Laboratory (PAL) at Pohang University of 
Science & Technology (POSTECH). The incident angle   α   i  of the X-ray 
beam was set at 0.160 ° , which is between the critical angles of the fi lms 
and the silicon substrate (  α   c,f  and   α   c,s ). Scattering data were measured 
at a sample-to-detector distance of 117.2 mm using an X-ray radiation 
source of 1.38 Å wavelength and a two-dimensional charge-coupled 
detector (2D CCD) (Mar, USA). All scattering measurements were 
carried out at 25  ° C. Each data set was collected for 30 − 60 s. Specular 
XR measurements were carried out at the 3D and 8D beamlines of PAL, 
POSTECH. [  44  ]  Sample specimens were mounted on a Huber four-circle 
goniometer, and a scintillation counter with an enhanced dynamic 
range (Bede Scientifi c, EDR) was used as a detector. The measured 
intensities were normalized to the intensity of the incident beam which 
was monitored at an ionization chamber. An X-ray wavelength of 1.54 Å 
was used. 

  OFET device fabrication and characterization : BGTC OFET devices were 
fabricated on heavily doped n  +   − Si(100) substrates with a 300-nm-thick 
thermally grown SiO 2  layer ( C  i   =  10 nF cm  − 2 ). The Si/SiO 2  substrates 
were immersed in a piranha solution (conc. H 2 SO 4 :H 2 O 2   =  7:3 in 
volume) for 20 min, and were then washed thoroughly using deionized 
water. The cleaned substrates were immediately treated with HMDS or 
OTS-C8 to form a self-assembled monolayer (SAM). Neat HMDS was 
spin-coated at 4000 rpm for 30 s, while an OTS-C8 monolayer was 
formed by immersing the substrate in its toluene solution for 2 h. All 
coated substrates were annealed at 120  ° C for 30 min in ambient air. For 
each device, the active polymer layer was prepared by spin-coating of its 
suspension with a concentration of 5 mg mL  − 1  at 1500 rpm for 40 s in a 
nitrogen atmosphere and subsequent drying at room temperature under 
vacuum for 12 h. Gold source and drain electrodes with a thickness of 
100 nm were deposited at a rate of ca 1.5 nm s  − 1  in vacuum through a 
shadow mask, giving source-drain channels with a length  L  of 100  μ m 
and a width  W  of 1500  μ m. In addition, BGBC OFET devices were 
prepared with source-drain channels in a size of  L   =  40  μ m and  W   =  
800  μ m (see the fabrication details in the Supporting Information). For 
the prepared devices, electrical characteristics were measured before and 
after thermal annealing for 1 h at a chosen temperature over 25 − 240  ° C. 
The thermal annealing process was carried out on a hot plate inside 
a nitrogen-purged glove box (H 2 O and O 2  concentration  <  0.1 ppm). 
All device fabrication processes and tests were conducted in dark 
condition under nitrogen atmosphere. Current–voltage characteristics 
were measured at room temperature in a nitrogen atmosphere using a 
Keithley 4200-SCS semiconductor characterization system. Field-effect 
electron mobility   μ   e  was determined in the saturation regime ( V  sd   =  80 V) 
using an equation,  I  sd   =    μ   e ( W /2 L ) C  i ( V  g – V  t ) 2  where  C  i  is the capacitance 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
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of the SiO 2  dielectric,  I  sd  is the source-drain current, and  V  sd ,  V  g , and  V  t  
are the source-drain, gate, and threshold voltages, respectively. Current 
on/off ratios ( I  on / I  off ) were determined from the current at  V  g   =  80 V ( I  on ) 
and the minimum current at  V  g   ≈  –20 to 3 V ( I  off ). In addition, fi eld-effect 
electron mobility   μ   e,l  in the linear regime (particularly at  V  sd   =  3.0 V) was 
determined by analysis of data (which were extracted from the output 
curves of devices) using an equation,  I  sd   =    μ   e,l ( W / L ) C  i ( V  g – V  t ) V  sd.    

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