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which the aromatic ring planes are aligned 
normal to the substrate, should be more 
favorable to lateral carrier transport in 
organic fi eld-effect transistors (OFETs). [ 2 ]  
The control over molecular structure and 
processing conditions of thin fi lms has 
been utilized to manipulate molecular 
orientation and ordering in the organic 
fi lms. [ 1–3 ]  On the other hand, macroscopi-
cally aligned fi lm structure (so-called 
texture) is favorable to enhance carrier 
transport and to provide some unusual 
properties such as optically and electrically 
anisotropic characteristics. [ 4 ]  

 Over the past decades, a lot of depo-
sition techniques have been developed 
to align organic semiconductors, for 
example the friction transfer [ 5 ]  and nano-
imprinting [ 6 ]  for the polymers, the fi lm 
deposition on the rubbed alignment 
layers, [ 7 ]  as well as the solution pro-
cesses such as zone casting, [ 8 ]  solution 
shearing, [ 9 ]  and the pinned drop casting 
on the inclined substrates. [ 10 ]  Solution 

processed alignment provides a facile and effective approach to 
achieve the large area and highly ordered crystalline domains 
which enables a high carrier mobility. For example, an exceed-
ingly high value of 8.1 and 43 cm 2  V −1  s −1  was achieved in the 
OFETs of the highly oriented crystalline TIPS-pentacene [ 9b ]  and 
2,7-dioctyl[1]benzothieno[3,2-b][1] benzothiophene fi lms, [ 11 ]  
respectively. However, the alignment methods developed so far 
are usually molecule- and material-specifi c and many of them 
do not enable the orientation control in a simple and scalable 
way. Therefore, it will be of much signifi cance to develop the 
effective and generalized strategies to control the ordering and 
alignment of organic semiconductors over large areas. 

 The attention was paid to utilize the external fi elds such 
as electric fi eld or magnetic fi eld to induce the molecular ori-
entation on macroscopic length scale. Magnetic alignment 
originates from the anisotropy in diamagnetic susceptibility 
( χ ) of organic molecules, which results in the anisotropy in 
free energy of molecule in magnetic fi eld. [ 12 ]  The magnetic 
approach provides a straightforward and clean (noncontact) 
method to fabricate large-area-oriented organic materials. 
Magnetic alignment at high fi eld has been investigated widely 
on the molecular or polymeric liquid crystals (LCs) [ 13,14 ]  as 
well as the block copolymers. [ 15,16 ]  Furthermore, magnetically 
induced alignment for some kinds of crystalline nonconjugated 
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  1.     Introduction 

 Controlling fi lm structure and nanomorphology of organic 
semiconductor, especially molecular packing and orientation, 
is crucial to achieve high performance of organic electronic 
devices. The “desired” molecular orientation depends on the 
device platforms. For example, the “face-on” packing in which 
the π-conjugated planes of the molecules are aligned with 
the substrates is conducive to charge transport in the stacked 
devices, e.g., solar cells. [ 1 ]  However the “edge-on” orientation, in 

Adv. Funct. Mater. 2015, 25, 5126–5133

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

mailto:fzhang@hmfl.ac.cn
http://doi.wiley.com/10.1002/adfm.201500643


FU
LL P

A
P
ER

5127wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

polymers (e.g., poly(ethylene terephthalate)) was conducted 
from the melt crystallization process. [ 12,17 ]  However, the mate-
rials studied so far mostly exhibit only low structural order and 
relatively weak intermolecular interaction. For the highly crys-
talline molecular semiconductors or semicrystalline polymers 
with strong π-stacking interaction, which exhibit high car-
rier mobility or good optoelectronic properties, the successful 
examples on structural manipulation by high magnetic fi eld 
(HMF) were extremely scarce to date despite that highly ori-
ented domain structure of the discotic LC hexabenzocoronene 
semiconductor (HBC-PhC12) was achieved via HMF. [ 13a ]  It is 
especially huge challenge for the fabrication of the oriented 
organic fi lm by magnetic alignment, due to strong effect of the 
molecule-substrate interaction in this case. [ 18 ]  

 In this work, we demonstrate an example of high perfor-
mance polymeric semiconductors in which effective struc-
tural manipulation of the polymer fi lms is made by magnetic 
alignment. Recently low bandgap donor–acceptor (D–A) poly-
mers, [ 19–21 ]  consisting of alternate electron-rich and electron-
poor units, were widely exploited in ambipolar OFETs and very 
effi cient solar cells. The heterogeneity of the backbones with dif-
ferent D(A) units provides much complexity of interchain inter-
action, impacting deeply the way of chain assembly and packing, 
and consequently electronic properties in the fi lms. Poly{[ N , N ′-
bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide)-2,6-diyl]-
alt-5,5′-(2,2′-bithiophene)} P(NDI2OD-T2) (see  Figure    1  a) is 
one of important D–A copolymers of excellent charge trans-
port properties. It is an air-stable n-type transporter, exhibiting 
electron mobility as high as 0.85 cm 2  V −1  s −1  on the top-gated 
OFETs. [ 22 ]  Despite nonpronounced long-range ordering as 
many other D–A polymers, the fi lms of P(NDI2OD-T2) exhibit 
predominantly face-on packing and a high degree of in-plane 
nanoorganization. [ 23,24 ]  Notably, molecular packing can be 
switched from face-on to edge-on motif by annealing the as-cast 
fi lm above 300 °C. [ 25 ]  The control over the in-plane molecular 
orientation and stacking has also been performed via epitaxial 
crystallization on trichlorobenzene or epitaxy on the aligned 
substrates. [ 26 ]  Chain backbones of P(NDI2OD-T2) possess large-
size π-conjugated plane and a strong interchain π–π stacking, 
which is expected to exhibit a large anisotropy of  χ  as well as 
strong interaction between magnetic fi eld and chain backbones. 

Here, we report that molecular orientation and fi lm texture can 
be effectively controlled during fi lm growth by solution cast 
at high magnetic fi eld, and also found such structural tuning 
plays a crucial role on carrier transport of the P(NDI2OD-T2) 
devices. To the best of our knowledge, it is the fi rst report on 
the achievement of magnetic manipulation of fi lm structure for 
semicrystalline (or crystalline) polymer semiconductors with 
good carrier transport.   

  2.     Results and Discussion 

  2.1.     In-Plane Structure of Magnetically Aligned 
P(NDI2OD-T2) Films 

 Highly aligned fi lms were deposited on the Si/SiO 2  substrates 
by drop casting from the 0.1%–0.8% P(NDI2OD-T2) solution 
in a horizontal superconducting magnet at room temperature. 
The growth rate was controlled by slow solvent evaporation (see 
the Experimental Section). Polarized optical microscopy (POM) 
images of the P(NDI2OD-T2) fi lms exhibit a homogeneous 
change of brightness as shown in Figure  1 b. The brightness 
of the POM image was maximized when the angle between 
the applied fi eld and the polarizer was ±45° while minimized 
when such an angle was 90°(or 0°), indicating a large-area tex-
ture structure covered on the entire substrate. We found that 
the highly oriented “monodomain” in centimeter size can be 
obtained at the magnetic fi eld of higher than 6 T. The similar 
results are also observed for the fi lm fabrication of other semi-
conducting polymers for example poly(2,5-bis(2-alkylthiophene-
2-yl)thieno[3,2-b]thiophene (PBTTT) (see Figure S1, Supporting 
Information). As a comparison, the fi lms drop cast via the 
same procedures however without the applied fi eld, exhibit an 
isotropic (unaligned) character as shown in Figure S2 (Sup-
porting Information). 

 The aligned fi lm structure is also evidenced by the polar-
ized UV–vis spectra of the P(NDI2OD-2T) fi lms, which shows 
clear absorption anisotropy with a dichroic ratio of 2:3 (in 
Figure  1 c). Stronger absorption takes place on the broad band 
centered at 700 nm and with a vibronic shoulder at 810 nm, 
when the direction of magnetic fi eld applied during fi lm cast 
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 Figure 1.    a) Chemical structure of P(NDI2OD-T2). b) POM images of a highly oriented P(NDI2OD-T2) fi lm cast on the SiO 2 /Si substrate from the 
DCB solution (0.5% w/w) under a magnetic fi eld of 6 T. The white and red arrows indicate the magnetic fi eld direction and the orientation of crossed 
polarizers, respectively. c) Polarized UV–vis absorption spectra of an aligned P(NDI2OD-T2) fi lm on quartz. The direction of magnetic fi eld applied 
during the growth is parallel ( B // E ) and perpendicular ( B ⊥ E ) to the polarization of the incident light, respectively.
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is parallel to polarization direction of the incident light. Since 
the dipole moment of the main electronic transition is ori-
ented along the polymer backbone, it indicates that the chain 
backbones of P(NDI2OD-2T) should be aligned preferentially 
with the fi eld direction. Interestingly, in spite of the large 
absorption dichroism at low energy region, the magnetically 
aligned P(NDI2OD-2T) is characteristic of a weakly polarized 
high-energy absorption band at 393 nm. The high- and low-
energy absorption band was assigned to π−π* excitation and 
intrachain charge transfer excitation, respectively. Such an 
absorption behavior is very similar to that for the highly aligned 
P(NDI2OD-2T) fi lms deposited via directional epitaxial crystalli-
zation, which was assigned to the presence of segregated stacks 
of nanphthalene dimide (NDI) and bithiophene (T2) units in 
P(NDI2OD-2T) fi lm. [ 26 ]  

 To give deeper insight into the effect of magnetic align-
ment on the molecular orientation and crystalline domains 
of the P(NDI2OD-2T) fi lms, synchrotron-based grazing inci-
dence X-ray diffraction (GIXRD) were performed as shown 
in  Figure    2  . A 2D GIXRD pattern of the isotropic fi lm as-cast 
(Figure  2 c), reveals a weak (010) refl ection along out-of-plane 
direction (nominally  q  z ), as well as the mixed two families of 
the refl ections at the in-plane direction ( q  z  ≈ 0). However, when 
the X-ray beam is parallel and perpendicular to magnetic align-
ment (that is, in-plane scatter vector  q  xy  is nearly perpendicular 
and parallel to the fi eld direction), respectively, the GIXRD pat-
terns of the aligned fi lms show large difference in the diffrac-
tion positions and intensity (Figure  2 a,b), which is manifested 

clearly in the cross-section profi les along  q  xy  
(Figure  2 d). When the  q  xy  is perpendicular 
to the magnetic fi eld, the diffraction pattern 
reveals the (h00) series refl ections, assigned 
to lamellar stacking ( d -spacing  d  100  is 
2.57 nm). [ 25 ]  However, when the scatter 
vector is parallel to the fi eld, two peaks 
appear at the  q  xy  of 0.45 and 0.88 nm −1 , 
which are assigned to (001) and (001)’ refl ec-
tion, respectively, related to chain backbone 
repeat. [ 25 ]  The strong anisotropy of in-plane 
ordering refl ects the local spatial arrange-
ment of polymer chains. It clearly confi rms 
that chain backbones of P(NDIOD-T2) 
are highly aligned with the magnetic fi eld 
and lie on the substrate within the crystal-
lites in the deposited fi lm, which fi nally 
results in macroscopic texture structure. 
The degree of in-plane alignment is found 
to increases with magnitude of the fi eld. On 
the other hand, the π-stacking (010) refl ec-
tion becomes slightly broader and weaker 
compared to the isotropic fi lms. It is con-
sistent with a considerably broad out-of-plane 
intensity distribution of the (h00) peaks in 
Figure  2 a,b, indicating a less in-plane ori-
entation of lamellar stacking. However, the 
face-on molecular packing is still preserved 
largely for the magnetically aligned fi lms.   

  2.2.     Origin for Magnetic Alignment 
of P(NDIOD-T2) 

 In order to explain above observations, the origin of magnetic 
alignment of P(NDIOD-T2) should be elucidated in more 
detail. In the previous investigations on magnetic alignment of 
the LC polymers, [ 14 ]  nematic nuclei were found to form during 
cooling from the isotropic melt into the LC phase. The exist-
ence of residual tiny ordered structures (referred as meso-
phase) was also proposed for the melts of crystalline polymers 
such as PEN and PET. [ 12 , 17a ]  Suffi ciently large ordered nuclei 
(and thus with large anisotropy of magnetic energy) can be 
aligned by magnetic fi eld and consequently initiate the forma-
tion of macroscopic orientation domains. In the present case, 
we suggest that some kinds of tiny molecular assembles of 
P(NDI2OD-T2) also exist in the solution, acting as the directors 
for magnetic alignment during fi lm deposition. Recently Stey-
rleuthner et al., found that the chains of P(NDI2OD-T2) take 
aggregation (the stacking of polymer chains) in the solutions 
of various solvents and the aggregate content strongly depends 
on the type of solvents. [ 27,28 ]  We prepared the P(NDI2OD-T2) 
solutions using three kinds of common solvents (DCB was uti-
lized in above experiments), among which the chlorobenzene 
(CB) solution exhibits the highest degree of aggregation and 
no aggregation takes place in the chloronaphthalene (CN). [ 27 ]  
Varied degree of preaggregation in the solution was made to 
investigate its role on the magnetically induced growth behavior 
of P(NDI2OD-T2). 
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 Figure 2.    a,b) 2D GIXRD patterns of the magnetically aligned P(NDI2OD-T2) fi lm cast from 
the DCB solution (0.2% w/w) under a fi eld of 8 T, with in-plane scattering vector  q  xy  nominally 
perpendicular and parallel to the magnetic fi eld direction, respectively. c) The GIXRD pattern 
of a solution-cast, isotropic fi lm. d) Cross-section profi les of the 2D diffraction patterns along 
the  q  xy  direction shown in (a) and (b).
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  Figure    3   shows the 2D GIXRD patterns of the P(NDI2OD-T2) 
fi lms drop cast from the CB and CN solution in high magnetic 
fi eld, respectively. In spite of the same chain alignment with 
external fi eld, the fi lm cast from CB shows the stronger diffrac-
tion intensities in both the  q  z - and  q  xy -directions (Figure  3 a,b) 
compared with the samples from the DCB solution. The high 
orders of in-plane (h00) refl ections up to fourth are observed in 
Figure  3 e, which manifests higher degree of structural ordering 
and alignment, probably related to the larger size and more 
volume fraction of the aligned crystallinites within the fi lm. On 
the other hand, no difference can be found on the in-plane dif-
fraction patterns for the fi lms cast from CN no matter whether 
the scatter vector  q  xy  is parallel or perpendicular to the magnetic 
fi eld (in Figure  3 c,d), indicating no preferential alignment of the 
polymer chains. Therefore, the higher aggregate contents in the 
solution correspond to the higher degree of structural ordering 
and fi lm texture. It will be noted that the face-on chain packing, 

exhibited on the P(NDI2OD-T2) fi lms grown from DCB or CB, 
is switched predominantly into the edge-on packing for the 
fi lms cast from CN, in consistent with the observation reported 
by Steyrleuthner et al. [ 28 ]   

 Based on above results, we propose that the preaggrega-
tion of P(NDI2OD-T2) in the solution plays a critical role on 
determining the magnetic alignment behavior of the cast fi lms. 
Surprisingly, it was found that the aggregation of conjugated 
segments takes place via stacking within polymer coils that con-
tain one or few chains of P(NDI2OD-T2). [ 27 ]  However, the large-
size conjugated plane of the repeat units (NDI and T2), together 
with high molecular weight ( M  W ) of the polymer, will warrant 
the aggregates of P(NDI2OD-T2) a large volume ( V  a ) and thus 
suffi ciently high anisotropy of magnetic energy ( V  a Δ χB  2  / 2µ o  � 
thermal energy  k  B  T,  Δ χ : the difference in  χ  between two axes 
parallel and perpendicular to chain backbone). Such free energy 
gain enables the rotation and consequently the alignment of 
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 Figure 3.    Comparison of 2D GIXRD patterns of the aligned P(NDI2OD-T2) fi lms cast from 0.2% solution of a,b) CB and of c,d) CN, respectively. The 
 q  xy  is nominally a–c) perpendicular and b–d) parallel to the fi eld direction, respectively. e,f) Cross-section profi les of the 2D diffraction patterns shown 
in Figure a,b and Figure c,d along the  q  xy  direction.



FU
LL

 P
A
P
ER

5130 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

molecular aggregates in low viscosity environment (solvent) at 
external magnetic fi eld. The magnetic-induced growth process 
of the P(NDI2OD-T2) fi lm is described schematically in the 
 Figure    4  . For solution cast from the aggregate-containing sol-
vent (top of Figure  4 ), the oriented aggregates (ordered “nuclei”) 
can act as the director for the alignment of more P(NDI2OD-T2) 
chains. Some of the aligned aggregates merge into the larger 
size-oriented domains with solvent evaporation, which fi nally 
lead to the formation of macroscopically aligned fi lm. Such 
proposed growth dynamics shows much similarity with mag-
netic alignment of the crystalline polymer PET during cooling 
from the melts. [ 17a ]  Furthermore, higher degree of molecular 
aggregates inhibits the formation of the amorphous fi lms and 
facilitates the growth of large-size ordered grains in the fi lms. 
In the case of no aggregation (bottom of Figure  4 ), individual 
polymer coils with swollen chain conformation in the CN solu-
tion could not get rise to large enough anisotropy of magnetic 
energy (smaller than  k  B T) to trigger magnetic alignment.  

 The aggregate-triggered magnetic alignment will be of much 
signifi cance to solution processing of the semiconducting 
polymers. Many kinds of recently developed D–A polymers 
exhibit clear signature of molecular aggregation in the solu-
tion due to strong interchain interaction and propensity to self-
assemble. [ 19b , 20,    29 ]  Magnetic approach based on above strategy 
will provide an effective route to manipulate fi lm microstruc-
tures of these materials and thus to control over charge trans-
port, exciton diffusion, and charge separation processes in the 
OFETs and solar cells.  

  2.3.     Magnetic Manipulation of Out-of-Plane 
Molecular Orientation of P(NDIOD-T2) Films 

 In addition to the control over in-plane fi lm 
texture, the effort on the manipulation of the 
out-of-plane molecular orientation was also 
performed by HMF. A large fi eld of 9 T was 
applied perpendicular to the substrate sur-
face during solution-cast of P(NDI2OD-T2). 
The specular scan X-ray diffraction pattern in 
Figure S3a (Supporting Information) shows 
that the (010) refl ection from the cast fi lm, 
assigned to the interchain face-on packing, is 

drastically weakened with respect to the samples cast without 
the magnetic fi eld. It is not unexpected because the face-on 
packing is not energetically favorable at the fi eld perpendicular 
to the substrate, because absolute value of diamagnetic suscep-
tibility | χ | of P(NDI2OD-T2) is maximized when the fi eld direc-
tion is normal to the conjugated planes of polymer backbones. 
However, the (100) refl ection assigned to the edge-on packing 
order is also suppressed slightly, although such packing motif 
is assumed to be energetically favorable in this situation. It 
may be attributed to structural disorder introduced by mag-
netic manipulation. It should be pointed out that, out-of-plane 
molecular orientation and fi lm texture show no any difference 
among the P(NDI2OD-T2) fi lms cast from CN solution, no 
matter whether the perpendicular magnetic fi eld is applied (see 
Figure S3b, Supporting Information). 

 As shown from previous sections, the “uniaxial” magnetic 
alignment processing does not improve (even reduce) the 
degree of the face-on packing of P(NDI2OD-T2) backbones. It 
should be attributed to the degeneracy on spatial orientation of 
the interchain π-stacking with respective to substrate surface, 
as shown in Figure S4b (Supporting Information). Under such 
circumstance, although the chain backbones tend to align with 
their conjugated ring planes parallel to the magnetic fi eld, the 
direction of interchain π-stacking in the mesophases (crystal-
lites) may lie at any angle in the plane perpendicular to the 
fi eld (i.e., magnetic isoenergetic irrespective of face-on or edge-
on motif). In order to make a better control over out-of-plane 
molecular packing, we applied the technique based on the con-
tinuous rotation of the substrate on an axis perpendicular to 
the magnetic fi eld during solution cast [ 30 ]  shown schematically 
in  Figure    5  a. This processing could break the degeneration on 
spatial arrangement of chain backbones, and enables the “fl at-
lying” packing motif of conjugated planes of P(NDI2OD-T2) in 
the mesopahse a minimum of average magnetic energy. Spec-
ular XRD patterns in Figure  5 b exhibit an intensity enhance-
ment of the (010) refl ection by a factor of 2.5 while a decreased 
intensity of the (100) peak for the P(NDI2OD-T2) fi lm cast via 
rotating the substrate (5 rpm) in a magnetic fi eld of 8 T, com-
pared to the isotropic fi lms. It indicates a remarkable enhance-
ment on the degree of face-on packing, which is correlated to 
increased fraction of the platelet-like crystallites with interchain 
π-stacking direction aligned to substrate normal in the fi lm, as 
shown in Figure S4c (Supporting Information). Interestingly, a 
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 Figure 4.    Schematic illustration of the magnetic alignment process in the 
formation of the P(NDI2OD-T2) fi lm cast from CB (top) and CN (bottom) 
under high magnetic fi eld. The thick lines denote the chains of P(NDI2OD-T2).

 Figure 5.    a) Geometry of magnetic alignment experiment with the sample rotating in the mag-
netic fi eld. b) Specular scan diffraction patterns of the P(NDI2OD-T2) fi lms cast in absent of 
magnetic fi eld (red line), under a 8 T fi eld w/o the sample rotating (blue line) as well as under 
a 8 T fi eld with the geometry shown in (a) (black line).
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large extent of in-plane texture can still be achieved on the fi lms 
cast via rotating the samples in magnetic fi eld and sequentially 
holding the substrate statically under the same fi eld before the 
wet fi lm is dried (not shown here). The effective manipulation 
on the degree of out-of-plane molecular orientation is com-
monly diffi cult for the π-conjugated polymers. The method 
proposed here would present a nice pathway to optimize out-
of-plane fi lm microstructures and thus improve carrier trans-
port in the sandwich-type devices e.g., solar cells and diodes. 
The relevant effects on electrical properties are under the 
investigation.   

  2.4.     Morphology of Magnetically Aligned Films 

 Surface morphology of the fi lms is crucial to achieve high-
quality organic devices.  Figure    6   shows the tapping-mode 
atomic force microscopy (AFM) images for the magnetically 
aligned P(NDI2OD-T2) fi lms cast from CB. The aligned fi lms 
cast from both the CB and the DCB solutions (in Figure S5, 
Supporting Information), exhibit a highly oriented nanofi bril-
like structure, which are aligned parallel to the direction of 
magnetic fi eld. Since the polymer backbones are found to 
orient along the fi eld direction, the fi brillar structures should 

be composed of the in-plane aligned chains of P(NDI2OD-T2). 
However, the nanofi brils shown on the CB-cast fi lms possess 
the larger length (ca. 100−400 nm) and higher orientation 
order, indicating the more ordered crystallites within the fi lm. 
It verifi es that the higher degree of the preaggregation leads to 
the higher fi lm texture and ordering by magnetic alignment as 
indicated in the GIXRD results. In addition, these nanofi brils 
have a width of 20–30 nm. The order in width direction origi-
nates from lamellar stacking of the side chains of P(NDI2OD-
T2). Such width scale is comparable to the coherence length 
(width of crystallite platelet) estimated from the full width at 
half maximum of the (100) peak Δ 100  (0.2 nm −1 ) in Figures  2  
and  3  based on Scherrer equation.   

  2.5.     Carrier Transport Studies 

 To directly assess the impact of magnetic alignment on charge 
transport properties, bottom-contact/bottom-gated TFTs were 
fabricated based on the P(NDI2OD-T2) fi lms cast at high mag-
netic fi eld. They were compared with the nonaligned devices 
which took the same fabrication procedures after fi lm casting. 
 Figure    7  a shows typical transfer curves for the devices of the 
aligned fi lms cast from CB solution, with current direction 
parallel and perpendicular to applied magnetic fi eld, respec-
tively (output curves of the “parallel” devices are shown in 
Figure S6, Supporting Information). All of the devices exhibit 
good n-type operation behavior with a high on/off ratio of 10 5  
and good operating stability. Notably, the TFTs with current 
direction parallel to the magnetic fi eld (the “parallel devices”), 
exhibit a signifi cantly larger drain current  I  D  than the devices 
with the channel perpendicular to the fi eld direction, as well 
as the isotropic devices (in Figure S7, Supporting Informa-
tion). Reasonably high electron mobility of 0.092 cm 2  V −1  s −1  
is extracted in saturation region for the parallel device, which 
is enhanced by a factor of four with respect to isotropic devices. 
The anisotropy of electron mobility ( µ  || / µ  ⊥,  µ  ||(⊥) : mobility parallel 
(perpendicular) to the magnetic fi eld) is ca. 7. This unequivo-
cally demonstrates that molecular orientation and fi lm texture 
induced by magnetic alignment crucially infl uences charge 
transport of the high performance polymer P(NDI2OD-T2). 
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 Figure 6.    a) AFM height and b) amplitude images of a P(NDI2OD-T2) 
fi lm cast from 0.2% CB solution under a magnetic fi eld of 8 T. The mag-
netic fi eld direction is indicated by an arrow.

 Figure 7.    Electrical performance of the magnetically aligned P(NDI2OD-T2) based TFTs. a) Typical transfer characteristics for a TFT device ( L  = 5 µm 
and  W  = 10 mm) of the oriented fi lm, with the channel current parallel ( I  // , black line) and perpendicular ( I  ⊥ , red line) to the magnetic fi eld direction. 
The insets schematically show current direction with respect to the fi eld direction B, as well as device geometry of a bottom-contact TFT. b) Dependence 
of electron mobility on channel length for both current directions:  µ  //  and  µ  ⊥  is extracted from the  V  G  dependence of  I  //  and  I  ⊥ , respectively.
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Higher  µ  ||  is mainly attributed to fast intrachain charge trans-
port along the polymer backbones in the ordered crystallites [ 31 ]  
which are aligned with the fi eld direction. It will be pointed 
out that the TFTs based on the fi lms cast from CN in magnetic 
fi eld, exhibit no mobility anisotropy but a lowered mobility 
values than the isotropic devices.  

 Figure  7 b shows the variation of electron mobility  µ  ||(⊥)  as a 
function of channel length. Each of  µ  || (⊥)  values shown is aver-
aged for four devices. The dependence of channel length is 
relatively weak especially for the  µ  ⊥  values. It may be relevant 
to macroscopically homogenous morphology of the magnetic 
aligned P(NDI2OD-T2) fi lms, as well as good electrical connec-
tion pathway at the boundaries of the ordered crystallites. The 
increase of  µ  ||  with the decreased channel length is related to 
the reduced numbers of grain boundaries along current direc-
tion. The good device characteristics and favorable fi lm mor-
phology suggest that magnetic alignment processing is com-
patible to the common TFT fabrication. However, the output 
curves in Figures S6 and S7b (Supporting Information) show 
a clear super linear increase of  I  D  at low drain voltage  V  D , indi-
cating considerable large contact resistance on these devices. [ 32 ]  
The higher TFT performance will be expected if device fabri-
cation conditions are improved further, e.g., via the treatments 
of substrate surface, the fi ne control over solvent evaporation 
during fi lm cast, as well as the lowering of contact resistance 
by the modifi cation of source/drain contacts by self-assembly 
monolayers (SAMs).   

  3.     Conclusions 

 Molecular orientation and fi lm texture of P(NDI2OD-T2) in 
both in-plane and out-of-plane direction have been controlled 
effectively via in situ solution casting of the polymer fi lms at 
high magnetic fi eld. Based on comprehensive structural char-
acterizations such as AFM and X-ray diffraction, the mecha-
nism on magnetically induced growth of P(NDI2OD-T2) was 
elucidated, which proposed that strong interaction between 
magnetic fi eld and the aggregates of polymer chains directs 
the chain alignment and the formation of macroscopic orien-
tation fi lm structure. The magnetically aligned P(NDI2OD-T2) 
fi lms display remarkably enhanced electron mobility and high 
mobility anisotropy. The successful manipulation of fi lm micro-
structure and nanomorphology of P(NDI2OD-T2), a D–A type 
polymer exhibiting a strong interchain interaction and high 
structural order, demonstrates magnetic fi eld as a promising 
approach to improve electrical and optical properties of high 
performance semiconducting polymers in the devices such as 
OFETs and organic solar cells.  

  4.     Experimental Section 
 P(NDI2OD-T2) was purchased from Polyera Corporation (Activink 
N2200) and used as received. Alignment experiments were performed in 
a horizontal 9 T superconducting magnet (Cryomagnetics, Inc.) as well 
as a vertical 10 T superconducting magnet (AMI American Magnetics, 
Inc.). The aligned fi lms were prepared by drop casting the P(NDI2OD-T2) 
solutions (0.1%–0.8% w/w) of different solvents on the fl at Si/SiO 2  
substrates under the magnetic fi eld at room temperature. During solution 

cast, the sample was placed in the covered glass Petri dish to slow down 
solvent evaporation. For the fi lm cast from CN, the substrate was heated 
at 45 °C during the cast and uncovered by Petri dish. The magnetic fi eld 
was applied until the solvent was evaporated. The fi lm thickness was in 
the range of 80−650 nm as measured by a surface profi lometer. 

 For the characterization of magnetic alignment, 2D grazing incidence 
X-ray diffraction (GIXRD) measurement was performed at Shanghai 
Synchrotron Radiation Facility (SSRF) on the beam line BL14B with the 
photon energy of 10.0 keV (wavelength,  λ  = 1.2398 Å). A MAR CCD (3072 
pixels) area detector was used to measure the 2D diffraction intensities. 
The incidence angle of X-ray beam is 0.2°. Specular scan X-ray diffraction 
experiment was performed on a Rigaku-TTR3 X-ray diffractometer with 
Cu  Kα  ( λ  = 1.5406 Å) radiation. The morphology of the P(NDI2OD-T2) 
fi lms was characterized with a Veeco MultiMode (Nanoscope V) AFM 
in tapping mode under ambient conditions. Optical anisotropy of the 
aligned fi lms was probed by polarized light microscope as well as UV–
vis absorption spectroscopy in transmission geometry with polarized 
incident light (on quartz substrates). 

 For the fabrication of the FET samples based on the aligned fi lms, 
bottom-gate/bottom-contact devices were fabricated on heavily doped 
Si wafers with a 400 nm thermally grown SiO 2  layer. The surface of the 
Si/SiO 2  substrates were prepatterned with interdigitated electrode arrays 
of Au (30 nm) with a 10 nm ITO adhesive layer by photolithography, 
act as source/drain electrodes. The electrode arrays are characteristic 
of the channel width ( W ) of 10 mm and different channel length ( L ) 
from 2.5 to 20 µm. The wafers were cleaned through subsequent 
sonication with acetone and isopropanol and cleaned in a UV-ozone 
cleaner. The polymer fi lms were drop cast in situ as described above. 
Finally, as-prepared fi lms were annealed at 145 °C for 1 h in nitrogen 
atmosphere to remove remnant solvent. The electrical measurements 
were performed on a probe station by a two-channel source meter 
(Keithley 2612A) in the glove box. Field-effect mobility ( µ  FET ) was 
calculated in the saturation regime using the transistor equation

 
I

WC V V
L

( )
2D

i FET G T
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 where  C  i  (8.91 nF cm −2 ) is the area capacitance of the SiO 2  dielectric and 
 V  G  and  V  th  is gate voltage and threshold voltage, respectively.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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