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  1.     Introduction 

 Organic fi eld-effect transistors (OFETs) have attracted much 
attention in recent years owing to the advantages such as 
mechanical fl exibility and potential low-cost large-area fab-
rication, leading to possible applications in future electronic 
devices. [ 1 ]  The performances of OFETs are largely dependent on 
the characteristics of the organic semiconductors used as the 
active layer in the devices. Most OFETs reported so far exhibited 
unipolar transport properties,  ie.  they showed either hole-trans-
port (p-type) or electron-transport (n-type) properties. [ 2 ]  Ambi-
polar OFETs, which allow both electron and hole transports 

to occur, are attracting increasing inter-
ests in recent years due to their potential 
applications in light-emitting transistors 
and complementary metal oxide semicon-
ductor (CMOS)-like logic circuits. [ 3 ]  Much 
effort is being made to develop suitable 
materials for ambipolar OFETs. [ 4 ]  How-
ever, in contrast to the large number of 
p- or n-type materials reported in the lit-
erature, much fewer ambipolar organic 
semiconductors have been studied. Con-
sequently, fundamental understanding 
on the structure-property relationship of 
ambipolar materials is still limited. [ 5 ]  

 The performance of an OFET is deter-
mined by a number of factors, including 
the intrinsic electronic structure of the 
semiconductor, molecular packing, fi lm 
morphology, dielectric layers, and con-
tact metals, etc. [ 6 ]  The interconnections 
between various factors make the corre-
lation between molecular structure and 
device performance complicated. In a 
simplifi ed view, that are effectively two 

basic processes determining the device performance, these 
are charge injection at the metal/molecule interface and the 
charge transport within the active layer of the organic semi-
conductors. [ 7 ]  Though, many theoretical investigations have 
indicated that most organic semiconductors are able to trans-
port both hole and electron in their crystals, [ 8 ]  the majority of 
OFET devices have only shown unipolar transport behavior,  ie.  
only hole or electron transport can be observed. The unipolar 
behaviors of the OFET devices can be attributed to the fact that 
the charge injection barriers at the electrode/molecule interface 
favor the transport of only one type of charge carriers. Under 
such a condition, the transport properties of organic semicon-
ductors are mostly determined by their energy levels related 
to the electrode Fermi levels. [ 9 ]  Large efforts have been made 
to adjust the molecular energy levels of organic materials to 
tune their properties. For example, we have reported that by 
lowering the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO) energy levels, 
heteropentacene materials can exhibit high and balanced hole 
and electron transport behaviors. [ 10 ]  Correlation between the 
charge transport properties of several organic molecules and 
their frontier molecular orbital levels have been discussed by 

 Molecular Packing-Induced Transition between Ambipolar 
and Unipolar Behavior in Dithiophene-4,9-dione-Containing 
Organic Semiconductors 

   Huan    Xu     ,        Ye-Cheng    Zhou     ,        Xing-Yu    Zhou     ,        Ke    Liu     ,        Lu-Ya    Cao     ,        Yong    Ai     ,        Zhi-Ping    Fan     ,    
   and        Hao-Li    Zhang   *   

 By changing the packing motif of the conjugated cores and the thin-fi lm 
microstructures, unipolar organic semiconductors may be converted into 
ambipolar materials. A combined experimental and theoretical investiga-
tion is conducted on the thin-fi lm organic fi eld-effect transistors (OFETs) of 
three organic semiconductors that have the same conjugated core structure 
of s-indaceno[1,2-b:5,6-b′]dithiophene-4,9-dione but with different  n -alkyl 
groups. The optical and electrochemical measurements suggest that the 
three organic semiconductors have very similar energy levels; however, their 
OFETs exhibit dramatically different transport characteristics. Transistors 
based on compound  1a  or  1c  show ambipolar transport properties, while 
those based on compound  1b  show p-type unipolar behavior. Specifi cally, 
compound  1c  is characterized as a good ambipolar semiconductor with the 
highest electron mobility of 0.22 cm 2  V −1  s −1  and the highest hole mobility 
of 0.03 cm 2  V −1  s −1 . Complementary metal oxide semiconductor (CMOS) 
inverters incorporated with compound  1c  show sharp inversions with high 
gains above 50. Theoretical investigations reveal that the drastic difference in 
the transport properties of the three materials is due to the difference in their 
molecular packing and fi lm microstructures. 

DOI: 10.1002/adfm.201302855

  H. Xu, Y.-C. Zhou, X.-Y. Zhou, K. Liu, L.-Y. Cao, 
Y. Ai, Z.-P. Fan, Prof. H.-L. Zhang 
 State Key Laboratory of Applied 
Organic Chemistry (SKLAOC) 
 College of Chemistry and Chemical Engineering 
 Lanzhou University 
  Lanzhou,    730000  ,   PR China  
E-mail:   Haoli.zhang@lzu.edu.cn   

Adv. Funct. Mater. 2014, 24, 2907–2915

http://doi.wiley.com/10.1002/adfm.201302855


FU
LL

 P
A
P
ER

2908

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

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

core. The thin fi lm spectra show a signifi cant red shift of the 
absorption edge, suggesting a strong π–π stacking in the solid 
state. With the lengthening of n-alkyl chains, there is a small 
reduction of the optical band gaps, but the change is almost 
neglectable. Cyclic voltammograms (CV) were recorded in tet-
rahydrofuran (THF) to measure their energy levels (Figure S2). 
Only reduction peaks have been observed, from which the 
LUMO levels position were estimated using ferrocene as the 
reference. The HOMO levels were estimated referring to 
the LUMO levels and the optical band gaps of the solutions 
( Table    1  ). Our measurements indicate that these molecules 
have similar HOMO (ca. –5.1 eV) and LUMO (ca. –3.4 eV) 
positions. The narrow band gaps suggest that they may exhibit 
ambipolar behaviors. [ 3a , 10a ]     

 2.2.     Film Characterization 

 In order to compare their transport properties, we have fabri-
cated thin fi lm transistors using these three compounds under 
identical conditions. The transistors were fabricated using 
the top contact device structure on octadecyltrimethoxysilane 
(OTMS) treated Si/SiO 2  substrates. The organic layer was pre-
pared through vacuum deposition at different substrate tem-
peratures (T sub ), typically 60 °C to 100 °C. The compound  1a  
cannot be deposited into thin fi lm at T sub  = 100 °C, probably 
due to its low thermal stability (it has the lowest weight loss 
temperature of the three compounds, as shown in thermal 
gravimetric analysis). [ 16a ]  The fi lm morphology of these three 
compounds deposited on OTMS-Si/SiO 2  substrates at var-
ious T sub  was investigated by atomic force microscopy (AFM) 
( Figure    2  ). These materials afford crystalline thin fi lms with 
lamella-like layered structure on the substrates and the crystal 
grain size increases with the increase of T sub  during the deposi-
tion. The morphological improvement at T sub  = 80 °C is evident 
in the multilayer terraces and increased grain sizes, which is 
expected to enhance the mobility ( Table    2  ). At their highest T sub , 
the fi lms exhibited smoother surface and larger grains com-
paring with that at lower temperatures. The large grain size 
may be benefi cial for the elimination of the disordering effect 
and hence provides high mobility. Their good intercrystalline 
contacts ensure the increase in mobility as well.   

 The representative OFET characteristics of compounds 
 1a–1c  are shown in  Figure    3  , and OFET properties obtained at 
different T sub  are summarized in Table  2 . It is readily noticed 
from Table  2  that the three materials exhibited distinctly 

Bao et al. [ 11 ]  The other fundamental process, the charge trans-
port process, is also crucial to the performance of OFETs. The 
transport of charge carriers within the active layer of a transistor 
is strongly infl uenced by the molecular packing and the thin 
fi lm structure. Increasing the crystallinity of the active layer by 
annealing is an effi cient way to improve the performance of 
OFETs. [ 12 ]  The crystal structure can also affect the device perfor-
mance. For example, typical p-type material PcCu is known to 
have different crystal phases, which show different hole mobili-
ties. [ 13 ]  Park et al. have recently reported a n-type material that 
have two crystal phases, in which one phase exhibits a higher 
electron mobility than the other one. [ 14 ]  To date, the majority of 
researches suggested that the charge-carrier type of an OFET 
is mainly determined by the charge injection process; mean-
while, molecular packing appears to affect only the magnitude 
of the charge mobility but not the type of charge carriers. [ 15 ]  
Indeed, there has not been any experimental work showing that 
changes in molecular packing can change the charge-carrier 
type of OFETs. 

 We report in this work an exceptional case, in which a series 
of organic semiconductors have the same HOMO/LUMO 
energy levels exhibited drastically different charge transport 
properties due to their different molecular packing. A series of 
s-indaceno [1,2-b:5,6-b′] dithiophene-4,9-dione derivatives con-
taining different alkyl chains were synthesized and fabricated 
into fi eld effect transistors ( Figure    1  ). These molecules have the 
identical conjugated core, hence very similar electronic energy 
levels. However, under the same condition, the thin fi lm tran-
sistors made from these molecules exhibited either ambipolar 
or unipolar transport behaviors due to their different molec-
ular packing. The ambipolar material can be used to fabricate 
CMOS-like inverters with excellent performance.    

 2.     Results and Discussion  

 2.1.     Electronic Structures 

 The synthesis and basic spectroscopic data of these molecules 
have been reported in our previous publication. [ 16 ]  Herein, we 
only discuss their electronic structures related to their charge 
transport properties. The UV−vis absorption spectra of their 
dilute solutions in dichloromethane (DCM) are shown in 
Figure S1a. As expected, the three molecules exhibit nearly 
identical absorption bands corresponding to the same conjugate 

   Figure 1.    Structures of the compounds  1a – 1c.  

  Table 1.    Optical absorption wavelengths (λ), calculated energy gaps 
(E g ) and electrochemical properties for the compounds  1a–1c .  

Compounds λ Film  
[nm]

λ soln  
[nm]

Eg (Film)  
[eV] a) 

Eg (Soln)  
[eV] a) 

E 1/2red  
[V] b) 

E HOMO /E LUMO  
[eV] b) 

 1a 327, 626 297, 596 1.57 1.70 –0.96 –5.18/–3.48

 1b 310, 655 297, 598 1.53 1.72 –0.99 –5.17/–3.45

 1c 330, 670 297, 603 1.48 1.71 –1.03 –5.12/–3.41

     a)   Optical HOMO−LUMO gaps were determined from the onset of lowest-energy vis-
ible absorption band;  b) Recorded E 1/2  values vs. SCE in THF with TBAPF6 as sup-
porting electrolyte. LUMO energies were determined by: E LUMO  = −E 1/2  red −4.44.   
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observed (Figure  3 c and d). The mobility of 
 1b  increases with the increase of T sub , and 
a relatively high mobility of up to 0.05 cm 2  
V −1  s −1  with an on/off ratio of 4 × 10 3  was 
obtained at T sub  = 100 °C. The good OFET 
performance at high T sub  is attributed to the 
highly ordered thin fi lm as revealed by the 
AFM investigations (Figure  2 ). This uni-
polar transport property of  1b  is consistent 
with the observation from Geng’s group. [ 16b ]  
Compound  1c  also exhibited ambipolar 
transport properties. Figure  3 e and f show 
the typical OFET characteristics of  1c  depos-
ited at T sub  of 100 °C. The highest electron 
and hole mobilities are 0.22 cm 2  V −1  s −1  
and 0.03 cm 2  V −1  s −1 , respectively. Table  2  
indicates that the OFET performance of 
the devices is strongly dependent on the 
T sub  during the deposition. Despite the T sub -
induced variation in mobility values, all 
the transistors from compounds  1a  and  1c  
showed ambipolar transport behaviors with 
their electron mobilities higher than hole 
mobilities; but devices of the compound 
 1b  exhibited only unipolar p-type transport 
properties. As mentioned above, these three 
molecules have very similar energy levels, 
and hence the charge injection barriers 
between the metal Fermi levels to the molec-
ular energy levels should be similar. There-
fore, the distinctly different transport behav-
iors are most likely due to the differences 
in the charge transport process. To verify 
this hypothesis, we further investigated the 
molecular packing of the three molecules in 

both crystals and thin fi lms.    

 2.3.     Single Crystal Structures 

 Single crystals of compounds  1a – 1c  were prepared by slow 
evaporation of solution from a chloroform/ethanol mixture. 
Compounds  1a – 1c  all crystallize in triclinic crystal system with 
 P -1 space group. The main fi ve-ring-fused backbone shows 
planar structure in all the three crystals, while the n-alkyl chains 
on the α-position of thienyl groups lie outside of the skeleton 
plane ( Figure    4  ). All the three compounds form slipped face-to-
face π-stacking motifs in the crystals. A layer-by-layer structure 
is formed along the  c  axis without the interdigitation of alkyl 
chains. This type of molecular arrangement is expected to give 
a stronger electronic coupling between the molecules than the 
herringbone arrangement. The π–π stacking interplanar dis-
tances for  1a ,  1b  and  1c  are 3.55 Å, 3.25 Å and 3.49 Å, respec-
tively. Weak C–H … O hydrogen bonds can be found in the three 
crystals. As shown in Figure  4 a, in the crystal of  1a , the H … O dis-
tances are 2.56 Å and 2.58 Å, which exist between the carbonyl 
groups and the H atoms of the ethyl groups in another layer. 
For  1b , hydrogen bonds are formed in the same layer between 
the carbonyl groups and the H atoms on the thiophene rings 

different transport properties. Figure  3 a and b show the typ-
ical output and transfer curves of  1a  deposited at T sub  of 80 °C. 
Compound  1a  exhibited clearly ambipolar transport properties 
with the highest electron mobility of 0.043 cm 2  V −1  s −1  and 
the highest hole mobility of 0.023 cm 2  V −1  s −1 . In contrast, the 
compound  1b  exhibited only hole transport properties at dif-
ferent conditions, and no electron transport behavior can be 

  Table 2.    FET characteristics of compounds  1a – 1c  fi lms deposited on the 
OTMS-Si/SiO 2  substrates in vacuum at different substrate temperatures. 
N.O. stands for ‘not observed’. 

Compounds T sub  
[°C]

 μ  h  
[cm 2  V −1  s −1 ]

 μ  e  
[cm 2  V −1  s −1 ]

on/off ratio V T  
[V]

 1a 60 6.9 × 10 −4 0.030 3 × 10 2 /3 × 10 4 –71/47

80 0.023 0.043 3 × 10 3 /2 × 10 4 –47/23

 1b 60 0.005 N.O. 5 × 10 2 –55

80 0.02 N.O. 1 × 10 3 –75

100 0.05 N.O. 4 × 10 4 –26

 1c 60 0.007 0.02 2 × 10 2 /1 × 10 2 –8/43

80 0.03 0.10 2 × 10 4 /2 × 10 4 –14/40

100 0.02 0.22 5 × 10 3 /1 × 10 4 –22/40

   Figure 2.    AFM images of the compounds  1a – 1c  deposited on OTMS-Si/SiO 2  substrates at 
different temperatures. (a)  1a  at 60 °C, (b)  1a  at 80 °C, (c)  1b  at 60 °C, (d)  1b  at 80 °C, (e)  1b  
at 100 °C, (f)  1c  at 60 °C, (g)  1c  at 80 °C and (h)  1c  at 100 °C. The structure diagram of OFET 
device is shown in the top right corner. 

Adv. Funct. Mater. 2014, 24, 2907–2915



FU
LL

 P
A
P
ER

2910

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

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(indicated as I and II in Figure  4 a), and the 
H … O distance is 2.51 Å. For  1c , the H … O dis-
tance is 2.43 Å between the carbonyl groups 
and the H atoms on the benzene rings in the 
neighboring layer. Remarkably, marked S … O 
short contacts (3.12 Å) were found between 
the neighboring columns of  1c . The strong 
intraplanar S … O interactions link the col-
umns into layered structures. Bao [ 17 ]  and 
Zhu [ 18 ]  have reported that such a double-
channel fashion of molecular packing may 
facilitate carrier transport and result in high 
device performance, which may explain the 
high electron mobility of  1c  at T sub  = 100 °C.  

 Particularly, the interplanar distance 
(3.25 Å) of  1b  is shorter than the corre-
sponding values of  1a  and  1c  in the same 
layer (shown in Figure  4 c). However, the 
intermolecular π–π overlap of  1b  is less 
than the other two due to the larger trans-
verse shift (more than half molecular width) 
between the molecules in the adjacent molec-
ular layers (I and III in Figure  4 b). Whereas 
in the crystals of  1a  and  1c  (Figure  4 a and c), 
much larger molecule overlapping occurred 
between the two adjacent layers. The different 
degree of molecular overlapping in the three 
crystals implies different intermolecular cou-
pling, which is expected to have signifi cant 
impact on their charge mobilities. [ 3a , 6d ]    

 2.4.     X-Ray Diffraction Measurements 

 Because the transistors were fabricated using 
the thin fi lms of the compounds, it is necessary 

   Figure 3.    Typical output (left) and transfer (right) curves of compounds  1a – 1c  deposited on the 
OTMS-Si/SiO 2  substrates. (a,b)  1a  with T sub  = 80 °C, (c,d)  1b  with T sub  = 100 °C, and (e,f)  1c  
with T sub  = 100 °C. 

   Figure 4.    Crystal structures of the compounds  1a – 1c . The solid lines outline the π–π stacking distances, and the dash lines outline the C–H … O and 
S … O interactions between the molecules. The alkyl chains are omitted for clarity. (a) The packing diagrams of  1a – 1c , (b) the top view of the crystal 
structures, and (c) the side view of the crystal structures. 
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parameter  c  of the single crystal 15.80 Å, which can be assigned 
to the (001) plane. The  c -axe of  1b  in the thin fi lms orient 82.1° 
with respect to the substrate surfaces, while  a  and  b  axes are 
arranged in the plane. The molecule exhibits layer-by-layer 
packing on the substrate and the angle with respect to the 
substrate is 72.5°. Another weak peak was observed at 22.34° 
related to a  d -spacing of 3.98 Å, which is assigned to the (11–2) 
plane (Figure  5 d). It indicates that there is a second crystalline 
phase in the thin fi lms. In the crystalline (11–2) cryatallite, the 
 c -axe of  1b  orients 33.4° with respect to the substrate surfaces. 
The long axis of the conjugated core has an angle of 56.2° with 
respect to the substrate ( Figure    6  d).  

 Figure  5 c shows that two diffraction peaks were observed for 
the thin fi lm of compound  1c . The stronger peak at 3.69° cor-
responds to a  d -spacing of 23.9 Å, close to the unit-cell param-
eter  c  of the single crystal 24.3 Å, which can be assigned to 
the (001) plane. The weaker peak at 28.18°, corresponding to 
a  d -spacing of 3.16 Å, is assigned to the (01–7) plane. Similar 

to investigate the crystallinity and the orientation of the three mol-
ecules in their thin fi lms. [ 19 ]  X-Ray diffraction (XRD) measure-
ments were performed on the thin fi lms deposited on OTMS-Si/
SiO 2  substrates at various T sub  ( Figure    5  ). The XRD patterns were 
analyzed by using the Mercury software. For the compound  1a , 
two peaks were observed (Figure  5 a). These are the stronger peak 
at 7.61° related to a  d -spacing of 11.60 Å and the weaker peak at 
15.25° related to a  d -spacing of 5.80 Å corresponding to the (001) 
and (002) planes of the single crystal. The  d -spacing of 11.60 Å 
of the fi rst peak in the thin fi lm is close to the unit-cell param-
eter  c  of the single crystal (12.30 Å). Therefore, the  c -axe of  1a  in 
the thin fi lms orient 87.7° with respect to the substrate surfaces, 
while  a  and  b  axes are arranged in the plane. The molecules con-
tact the substrate via their alkyl chains and exhibit a layer-by-layer 
packing on the substrate, while the long axis of the conjugated 
core has an angle of 59.9° with respect to the substrate.  

 While for the compound  1b , the distinct peak at 5.64° cor-
responds to a  d -spacing of 15.65 Å, close to the unit-cell 

   Figure 6.    The molecular packing of compounds (a)  1a , (b)  1b  and (c)  1c  in their (001) crystalline grain; (d) molecular packing of  1b  in its (11–2) 
crystalline grain; (e) molecular packing of  1c  in its (01–7) crystalline grain; (f) charge hopping pathway scheme for  1a – 1c  (they have similar charge 
hopping pathway). 

   Figure 5.    X-Ray diffraction patterns of the thin fi lms of the compounds (a)  1a , (b)  1b , and (c)  1c  deposited on the OTMS-Si/SiO 2  substrates at dif-
ferent temperatures. 
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neighboring molecules. The hopping rate can be described 
by the Fermi golden rule. [ 25 ]  The electronic coupling strength 
between two nearby molecules is described by the effective 
transfer integral ( V ), which is obtained by the site-energy cor-
rection method. [ 26 ]  In order to take into account the effects 
of thermal fl uctuations during the hopping events, a molec-
ular dynamics (MD) simulation was performed to obtain the 
Gaussian distribution in energy. Then Kinetic Monte Carlo 
processes were performed to obtain the diffusion coeffi cient 
(D), which enables the calculation of mobilities via the Einstein 
relation:

 
μ = eD

k TB  
 (1)

 

 More details of the simulation procedure and the calcu-
lated reorganization energies are available in the Supporting 
Information. 

 As indicated by the XRD data, all the three molecules form 
layered structure on the substrates (Figure  6  and Figure S3). 
Figure S3 illustrate the in-plane molecular packing of the three 
molecules based on their crystal structures, from which the 
electronic coupling between the neighboring molecules can 
be calculated. Within one layer, each molecule has six nearest 
neighbors. From the symmetry, we only need to consider the 
electronic coupling for three typical molecular pairs, labeled 
as 1, 2, and 3 in Figure  6 f. Each molecular pair represents one 
possible electron hopping pathway. The electronic coupling ( V ) 
of the three molecular pairs in each crystal can then be calcu-
lated using the method described above, and the results are 
listed in  Table    3  . The calculated  V  of the different molecular 
pairs provides information on the overall intermolecular elec-
tronic coupling strength, which could be then used to estimate 
the theoretical mobilities in the crystals. [ 24a ]  However, it should 
be kept in mind that the molecular packing in the thin fi lms 
is different from that in their crystals. Therefore, the calcula-
tion must correlate to the specifi c molecular packing in the thin 
fi lms of each molecule.  

to that of the  1b , there are also two crystalline phases in the 
thin fi lms of  1c . For the (001) plane, the  c -axe of  1c  in the thin 
fi lms orient 79.6° with respect to the substrate surfaces, while 
 a  and  b  axes are arranged in the plane. The molecules exhibit 
a layer-by-layer packing on the substrate with the long axis of 
the conjugated core has an angle of 40.2° with respect to the 
substrate (Figure  6 c). For the (01–7) plane, the  c -axe of  1c  in the 
thin fi lms orient 61.7° with respect to the substrate surfaces, 
and the angle between the long axis of the conjugated core and 
the substrate is 45.7° (Figure  6 e).   

 2.5.     Theoretical Analysis 

 The transport properties of a transistor can be affected by a 
variety of factors, including thin fi lm morphologies, reorganiza-
tion energies, intermolecular orbital overlap, interface dipoles, 
and charge traps. The above characterization has shown that the 
three compounds  1a – 1c  have very similar electronic structures 
and similar fi lm morphology, except that they show different 
molecular packing motif in their single crystals and different 
XRD patterns of their thin fi lms. Trap is an important factor 
that could affect the charge transport properties. The traps at 
the molecule/dielectric interface are particularly important 
because they affect directly the charge transport channel. For 
example, previous work have shown that the the SiO 2  dielectric 
layer presents a large number of hydroxyl groups on its sur-
face, which act as traps for electrons. To allow electron trans-
port to be observed, the traps at the SiO 2  layer surface must be 
removed. [ 6d , 20 ]  Furthermore, in a FET device, not all induced 
charges are mobile and contribute to the transport. Deep traps 
fi rst have to be fi lled before the additionally induced charges 
become mobile, so that traps are expected to have signifi cant 
effects on the threshold voltages. [ 3a ]  In this work, the SiO 2  sur-
face was treated by octadecyltrimethoxysilane (OTMS) under 
the same condition. Though not all the traps can be removed, it 
is reasonable to assume that the trap densities are similar in the 
devices prepared from the three materials, so that the observed 
differences in the transport properties should be mainly deter-
mined by their intrinsic molecules properties, but less related to 
the device fabrications conditions. Assuming that the interface 
dipoles, and charge traps are essentially constant for the present 
molecules due to molecular structure/device similarities, the 
differences in their FET performances can be mainly attributed 
to their different molecular packing and thin fi lm structures. 

 Brédas et al. [ 6d , 21 ]  have used quantum chemical calcula-
tion to discuss how the amplitude of the transfer integrals is 
infl uenced by various aspects of molecular packing. They have 
shown that the confi guration of molecules in their crystals can 
affect the mobilities for electrons and holes. Meanwhile, Shuai 
et al. [ 22 ]  have investigated the infl uences of crystal packing, mol-
ecule size, orbital coupling on the hole mobility of oligothio-
phenes. Accordingly, we then investigated the effects of molec-
ular packing on the hole and electron mobilities using theo-
retical simulation. We have calculated the theoretical mobilities 
of the different crystals following the protocols established by 
Brédas, [ 6d , 21 ]  Shuai [ 22,23 ]  and Deng et al. [ 24 ]  

 Briefl y, in our calculation, carrier movement in the organic 
material was viewed as a result of series hopping between the 

  Table 3.    The distances (d), mean values of electronic coupling ( V 2  ) and 
theoretical diffusion mobilities  μ  (cal.)  (cm 2  V −1  s −1 ) at room temperature 
(300 K) for all pathways of  1a ,  1b  and  1c .  

Molecules Pair a) d [Å]  V  e  2  μ  e (cal.)  V  h  2  μ  h (cal.) 

 1a 1 4.10 12397 3.93 b) 10861 3.47 b) 

2 8.40 717.99 19.31

3 8.69 8.08 1.2

 1b 1 5.11 6118.9 5.20 b) 2525.8 2.46 b) 

2 11.33 21.36 0.66

3 8.31 288.13 0.20 c) 1382.2 2.00 c) 

 1c 1 5.50 759.78 5.12 b) 10719 6.49 b) 

2 7.07 63.72 0.04 d) 5.07 0.01 d) 

3 7.64 392.71 2.74

     a)   Molecular pairs as shown in Figure  6 f;  b)  Calculative mobility of (001) crystalline 
grain based on a random walk hopping process;  c) Calculative mobility of the thin fi lm 
assuming pair 3 plays dominating role in the hopping process;  d) Calculative mobility 
of the thin fi lm assuming pair 2 plays dominating role in the hopping process.   

Adv. Funct. Mater. 2014, 24, 2907–2915
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respectively. However, as shown in Figure  3 , we have only 
observed hole transport behavior in the OFET of  1b . The dis-
crepancy between the simulation and the experiment results 
indicated that the thin fi lm mobility of the  1b  is not domi-
nated by the (001) crystalline grain. As suggested by Li et al., 
the grain does not favor in-plane carrier transport may domi-
nate the carrier transport through “bottleneck” effect. [ 27 ]  In the 
(11–2) plane, the  1b  molecules do not form strong π-stacking 
in the plane parallel to the substrate plane, so that the contri-
butions of the three pathways to in-plane carrier transport are 
different. Figure S5 analyzes the three major hopping path-
ways with respect to the (11–2) plane. It shows that the hop-
ping pathways along the pair 3 has the largest contribution 
to the in-plane transport, therefore should have the strongest 
effect to the charge transport of the (11–2) crystalline grain. 
Table  3  shows that the electronic coupling ( V 2  ) of pair 3 is 
much lower than the hole coupling, suggesting much lower 
electron mobilities than the hole mobilities in the (11–2) crys-
talline grain, which explains the experimental observation that 
the OFETs of the  1b  exhibit only a relatively high hole mobility 
but no electron mobility. 

 For molecule  1c , the XRD suggests that its thin fi lms con-
sist of (001) and (01–7) crystalline phases. The (001) crystal-
lites form π-stacking sheets in the plane of the substrate that 
favors in-plane charge transport. [ 27,28 ]  The theoretical simu-
lation to the charge transport of the  1c  in its (001) plane give 
electron mobility of 5.12 cm 2  V −1  s −1  and hole mobility of 
6.49 cm 2  V −1  s −1 . This result suggests that the (001) crystalline 
grain favors hole transport more than electron transport, which 
is not consistent to the experimental results. We then analyzed 
the electon hopping pathways with respect to the (01–7) plane 
of the  1c . It is found that the both pair 2 and 3 have large contri-
bution to the in-plane charge transport within the (01–7) crys-
talline grain (Figure S6). As pair 2 has smaller intermolecular 
distance, therefore should play a more important role to the 
mobility. Our calculation to the transfer integral suggests that 
both pair 2 and 3 have electron coupling higher than the hole 
coupling, hence a higher electron mobility is expected. This 
result is qualitatively consistent with the experimental result 
that the OFETs of  1c  exhibit electron mobility much higher 
than the hole mobility. 

 It is very complicated to simulate the transport properties 
of the thin fi lms consisting two crystalline grains. To provide a 
reasonable estimation to the carrier mobilities of the thin fi lms 
of  1b  and  1c , we have tried to calculate their hole and electron 
mobilities based on the assumption that the pair 3 in  1b  and 
pair 2 in  1c  dominate their charge transport. As it is impossible 
to quantitatively determine the contribution of the different 
hopping pathways, we have arbitrarily assigned the probability 
of charge transport through the dominating molecular pairs, 
i.e., pair 3 in  1b  and pair 2 in  1c , to be 1000 times higher than 
that of the other pairs. And the calculated mobilities are shown 
in Table  3 . Although the simulation can not quantatively pre-
dict the hole and electron mobilities of the given devices, but 
the analysis on the possible charge transport pathways in the 
(11–2) plane of  1b  and (01–7) plane of  1c  gives qualitatively 
consistent result to the experimental observations and helps to 
understand their different transport behaviors. More sophis-
ticated characterization and simulation tools are needed for 

 Figure  5  shows that all the fi lms exhibit strong (001) peaks. 
Comparing the calculated  d -spacing values with the molecular 
lengths, we have concluded that the molecules were deposited 
on the substrates into layer-by-layer stacks with their long axes 
oriented nearly perpendicular to the substrates in their (001) 
crystalline grains (Figure  6 a–c). Compound  1a  shows a (002) 
peak in the XRD pattern with no other diffraction peak, sug-
gesting single type of molecular orientation and highly ordered 
interlayer spacing (Figure S4). A weak peak corresponding to 
the (11–2) planes and a prominent (01–7) peak were observed 
in the thin fi lm of  1b  and  1c , respectively, indicating coexist-
ence of other crystalline grains in the thin fi lm of  1b  and  1c  
(Figure  6 d–e). 

 As mentioned above, the mobilities can be estimated based 
on the electronic coupling strength. In general, a strong elec-
tronic coupling between a given pair corresponds to a high 
charge transfer rate and consequently high mobility. Table 
 3  shows the electronic coupling strength (in  V 2  ) of different 
molecular pairs. Now the question becomes how to properly 
estimate the mobilities from the calculated  V . For the thin 
fi lm of  1a , the molecules are packed into laminar structure 
with (001) plane parallel to the charge transport orientations. 
As the (001) plane favors the in-plane charge transport, there-
fore, its electron and hole mobilities can be simulated based 
on a random walk process taking into account of all the three 
hopping paths. The simulation gives a theoretical electron 
mobility of 3.93 cm 2  V −1  s −1  and a theoretical hole mobility of 
3.47 cm 2  V −1  s −1 , indicating an ambipolar transport property 
with electron mobility slightly higher than the hole mobility. 
The theoretical simulation result is in good agreement with 
the experimental observation that the FET devices of  1a  exhibit 
ambipolar transport properties with the electron mobility 
higher than the hole mobility. Comparing with the best experi-
mental mobilities obtained at T sub  = 80 °C (Table  2 ), the simu-
lation obviously overestimates the mobilities, which can be 
attributed to the fact the molecular packing in thin fi lms is less 
ordered than that in the single crystal. 

 For the thin fi lms of  1b  and  1c , the situation is more com-
plicated because there are two types of crystalline grains coex-
isting in the thin fi lms. Li et al. have recently studied the thin 
fi lm transistors of an anthradithiophene derivative, using 
microbeam grazing incidence wide-angle X-ray scattering 
(μGIWAXS). [ 27 ]  The molecule can form both (001) and (111) 
crystalline grains, in which the the (001) crystallites have effi -
cient in-plane charge transport but the in–plane charge trans-
port is not effi cient in (111) crystallites. They have suggested 
that the grain does not favor in-plane carrier transport may 
dominate the carrier transport through a “bottleneck” effect. 
We believe that the similar phenomena occurred in the thin 
fi lms of  1b  and  1c . 

 For the thin fi lm of  1b , as XRD data indicating polymorph 
structure consisting (001) and (11–2) planes, so that both 
types of molecular packing should be taken into account. 
The (001) crystallites form π-stacking sheets in the plane of 
the substrate that favors in-plane charge transport. [ 27,28 ]  The 
theoretically calculated mobilities of  1b  in its (001) plane are 
shown in the Table  3 , suggest that  1b  favors electron trans-
port more than hole transport. The theoretical mobilities are 
5.20 cm 2  V −1  s −1  and 2.46 cm 2  V −1  s −1 , for electron and hole, 
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 3.     Conclusions 

 Our experimental and theoretical investigations on the fi eld 
effect transistor properties of the three organic semiconduc-
tors have revealed that molecular packing and microstructures 
of the solid thin fi lms strongly affect their charge transport 
properties. Though the three semiconductors have the same 
conjugated core, i.e. similar HOMO and LUMO levels, their 
different  n -alkyl substitutes induce changes between ambipolar 
to unipolar transport behaviors. Compound  1c  exhibits good 
ambipolar transport properties and can be applied to fabricate 
CMOS-like inverters with good performance. XRD results sug-
gested that the three molecules form different microstructure 
in their thin fi lms. Theoretical investigation revealed that the 
drastic differences in transport properties are due to their dif-
ferent molecular packing and orientations in the thin fi lms 
induced by the different alkyl substitutes. To our knowledge, 
this is the fi rst experimental work showing that by tuning 
the molecular packing and thin fi lm microstructure, uni-
polar organic semiconductor can be converted into ambipolar 
materials. It is possible that many previously known unipolar 
organic semiconductors can also be turned into ambipolar 
organic semiconductors, and vice versa, by adjusting their 
molecular packing in OFETs. This fi nding opens a new venue 
to search for new ambipolar organic semiconductors for future 
organic electronics.   

 4.     Experimental Section 
  General Procedures and Methods:  Compounds  1a-1c  were prepared 

according to our previous publication, where the basic spectroscopic 
properties of these molecules have also been reported. [ 16a ]  UV–vis 
absorption spectra were measured using a T6 UV–vis spectrometer. 
CV was run on a CHI660C electrochemistry station (CHI, USA) in 
0.1 M Bu 4 NBF 4 /THF solution. Single crystal date collection was made 
on a Bruker X8 APEX diffractometer with graphite monochromated 
Mo–Kα radiation. AFM studies were performed with Agilent 5500. The 
X-ray diffraction data were obtained at X’Pert PRO made by Panalytical 
Company with a wavelength of 1.5406 Å. 

  Device Fabrication:  The top-contact/bottom gate devices were 
made by thermally depositing the molecules onto OTMS-modifi ed 
SiO 2 /Si substrates with 400 nm SiO 2  as the dielectric layer (C i  = 
9.0 nF·cm −2 ). The materials were purifi ed by chromatography on silica 
gel, recrystallized twice in n-hexane/chloroform mixture solvents. The 
thin fi lms were deposited at an initial rate of 0.1 Å/s under a pressure of 
about 4.0 × 10 −4  Pa to a fi nal thickness of 20∼25 nm as determined by a 
quartz crystal monitor. The substrate was held at different temperatures 
during the deposition of the organic layer. Metal electrodes (40 nm) 
were then fabricated onto the organic layer by evaporation through a 
shadow mask. The channel width (W) and the channel length (L) were 
3000 μm and 150 μm, respectively. OFET properties were measured in 
both the air and glove box at room temperature with a Keithley 4200–
SCS semiconductor characterization system. 

 [Crystallographic data (excluding structure factors) for the structures 
reported in this paper have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication no. CCDC 
939479 for  1a , CCDC 751385 for  1b  and CCDC-751386 for  1c ] . 

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

more quantitative analysis to the charge transport within the 
thin fi lms. After all, the above analysis has suggested that the 
different transport behaviors of the transistors fabricated using 
the three molecules are determined by their different molecular 
packing and microstructures of the thin fi lms.   

 2.6.     Inverter Properties 

 One important application for amibipolar OFETs is to con-
struct CMOS-like inverters. As both electron and hole can be 
transported in ambipolar OFET, there is no need to pattern 
n- and p- type materials into specifi c areas, the structure of 
inverters can be much simpler than those based on unipolar 
FETs. Because the transistor of compound  1c  gives a reason-
ably high hole mobility and the highest electron mobility 
among the three materials, we have fabricated an inverter 
circuit using  1c  by combining two identical OFETs with a 
common gate as the input voltage (V IN ) and a common drain 
as the output voltage (V OUT ). In  Figure    7  , a typical input/output 
characteristics is shown for an inverter based on two transis-
tors with channel length L = 150 mm and channel width W = 
3000 mm. In contrast to the conventional inverters fabricated 
using unipolar materials, the inverters fabricated by ambipolar 
transistors work in both negative and positive supply biases. [ 3a ]  
As expected for an ambipolar inverter, Figure  7  shows that 
sharp voltage inversion is demonstrated for both negative and 
positive supply voltages (V DD ). For V DD  = ±100 V, the highest 
gains were both higher than 50. Because the hole and electron 
transport properties are not ideally balanced, the input/output 
characteristic shows asymmetric characteristic. Under positive 
bias condition, the voltage inversion takes place at +48 V; while 
under negative bias, the inversion occurs at -24 V. These results 
also confi rm that compound  1c  is indeed an ambipolar organic 
semiconductor.     

   Figure 7.    Transfer characteristics of a CMOS-like inverter at V DD  of ± 
100 V. The circuit confi guration is given in the bottom right inset and 
gain characteristic in the top left inset. 
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