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  1.     Introduction 

 Conjugated polymers have long been 
considered as promising alternative 
candidates to amorphous silicon as the 
semiconductor in fi eld-effect transis-
tors (FETs). This is because they are 
easily solution processed, have excellent 
mechanical properties and can be depos-
ited at relatively low substrate tempera-
tures (below 200 °C). [ 1–4 ]  Large scale and 
low cost polymer-based electronic devices 
can be fabricated by solution deposition 
methods, such as roll-to-roll printing 
and spin-coating. However, polymer-
based FETs usually exhibit lower charge 
carrier mobilities compared to devices 
based on small organic molecules. This 
is primarily due to the presence of amor-
phous regions, which may limit charge 
transport. [ 5 ]  In recent years, several 
high-performance polymeric materials 
have been reported with charge carrier 
mobilities exceeding 1 cm 2  V −1  s −1 , for 

example, poly(bis-alkylthiophenyl thienothiophene) (PBTTT), [ 6 ]  
poly(cyclopentadithiophene-benzothiadiazole), [ 7,8 ]  isoindigo-
based polymers [ 9,10 ]  and diketopyrrolopyrrole (DPP)-based 
polymers. [ 11–21 ]  Of particular interest is a report by Ong 
and Liu describing a breakthrough in achieving charge car-
rier mobility with a value as high as 10 cm 2  V −1  s −1  from 
poly(dithienylthieno[3,2-b]thiophene-DPP). [ 12 ]  Together, these 
results indicate that the performance of conjugated polymers 
can be rendered comparable to, or better than, traditional 
amorphous Si-based transistors. However, most high-mobility 
polymer FETs are processed with halogenated solvents, for 
instance, chloroform, chlorobenzene and dichlorobenzene, 
despite their health hazard and detrimental environmental 
impact. Furthermore, the usage of chlorinated solvents in 
industry is highly regulated, which requires special setups 
to prevent exposure to toxic solvent vapor and expensive 
halogenated solvent recovery systems to protect the environ-
ment. Therefore, non-chlorinated solvent processing of high-
performance polymer devices is important for large-scale 
production of polymer FETs. 
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 Selection of appropriate solvents to optimize the electrical 
performance of polymer FETs is a topic of intense investiga-
tion. Specifi cally, both the boiling point and Hansen solubility 
parameter of the employed solvents are important considera-
tions. [ 22,23 ]  Sirringhaus and coworkers reported that polymer 
thin fi lms cast from high boiling point solvents, for example, 
trichlorobenzene, resulted in a higher charge carrier mobility 
for poly(3-hexyl thiophene) (P3HT) compared to those cast from 
low boiling point solvents. [ 22 ]  This was attributed to the slow 
evaporation of the high boiling point solvent, thus facilitating 
the formation of more ordered thin fi lms. However, boiling 
point is not the only factor affecting the ordering of polymer 
thin fi lms. The solubility behavior of polymers in various 
solvents should also be considered. By selecting appropriate 
solvents based on polymer solubility, the morphology of P3HT 
can be changed to a highly crystalline nanofi ber network. [ 23–25 ]  
Furthermore, our group has found that morphological con-
nectivity of nanofi brillar crystalline domains and crystalline 
orientation of the π–π stacking plane also play important roles 
on charge transport in polymer fi lms. [ 23 ]  The above examples 
indicate that both the boiling point and solubility parameter 
of processing solvents will impact microstructures of polymer 
semiconductor fi lms, which subsequently infl uence the charge 
transport behavior of these polymers. 

 In addition to solvent selection, the solution deposition 
method is also important to control the organic semiconductor 
fi lm crystallinity and morphology. Several solution processing 
methods, for example, droplet-pinned crystallization, [ 26,27 ]  
spin coating, [ 28 ]  zone casting, [ 29 ]  and solution shearing, [ 30–34 ]  
have been demonstrated. Among these methods, solution 
shearing is a proven facile approach to fabricate high-per-
formance FETs. [ 17,30–35 ]  In this approach, a small volume of 
organic semiconductor solution is sandwiched between two 
substrates held at an elevated substrate temperature. With the 
bottom substrate stationary, the top substrate is pulled at a 
specifi c speed. The crystallization of organic semiconducting 
materials can be controlled by simply changing the substrate 
temperature and shearing speed in addition to solution char-
acteristics. The solution-sheared fi lms were often observed 
to exhibit higher charge carrier mobility, as compared to 
equivalent devices prepared from spin coating. [ 17 ]  Addition-
ally, we have observed that 6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-pentacene) fi lms by solution shearing exhib-
ited a hole mobility as high as 4.6 cm 2  V −1  s −1 . The solution 
shearing approach results in the formation of meta-stable, 
strained packing structures and in some cases an enhance-
ment of charge transfer integral between π–π stacked mol-
ecules, thus benefi ting charge transport. [ 31 ]  Recently, the 
Oh and Yang groups have employed the solution shearing 
method to enhance device performance of polymer thin-fi lm 
transistors, [ 17 ]  suggesting solution shearing is also suitable to 
optimize the crystalline structure and morphology of polymer 
fi lms. However, the infl uence of solvent quality on solution 
sheared polymer fi lm is yet to be studied. 

 We have recently reported a high-mobility donor-acceptor 
tetrathienoacene-DPP based copolymer (PTDPPTFT4) that 
has long, linear alkyl side chains ( Figure    1  a). [ 36 ]  This polymer 
exhibited a hole mobility as high as 2.1 cm 2  V −1  s −1 . Fur-
thermore, the long C 17 H 35  alkyl side chains provided good 

solubility in commonly used non-chlorinated solvents, for 
example, toluene, xylene, and tetrahydronaphthalene (THN), 
suggesting that this semiconducting material may be suit-
able for solution processing from non-chlorinated solvents. 
This polymer also showed an apparent bi-modal molecular 
weight distribution as observed using Gel Permeation Chro-
matography (GPC) at moderate temperatures, even when 
trichlorobenzene was used as an eluent. We attributed this to 
its strong inter-chain interaction, which resulted in the aggre-
gation of polymer chains in solution. Such aggregation may 
result in the formation of rough interfaces between aggregates 
in fi lms, hence forming defects which subsequently suppress 
charge transport. On the other hand, aggregation may also 
induce an ordered self-assembled structure, thus enhancing 
charge transport. Hence, it is of interest to control polymer 
aggregation in solution to facilitate optimized electrical prop-
erties of polymer FETs. 

 Here, we report high-mobility polymer FETs by using a non-
chlorinated mixed-solvent system of  p -xylene and THN. Specifi -
cally, the ratios of these two solvents are optimally controlled to 
improve the performance of PTDPPTFT4-based FETs. We note 
that xylene has previously been used to promote polymer aggre-
gation and enhance photovoltaic effi ciency in solar cells. [ 37 ]  
In our investigation, we also observed that  p -xylene is more 
prone to induce the gelation of polymer chains than THN. 
The chemical structure of the polymer (PTDPPTFT4) and the 
solution-shearing confi guration are shown in Figure  1 a,b. The 
morphology, crystalline orientation and electrical properties of 
PTDPPTFT4 polymer thin fi lms are optimized by adding an 
appropriate amount of  p -xylene into a solution of pre-dissolved 
PTDPPTFT4 in THN. We observed a charge carrier mobility 
of the PTDPPTFT4 FET as high as 3.94 cm 2  V −1  s −1  through 
using the mixed solvents and depositing the fi lm by a solution-
shearing process. [ 30 ]    

  2.     Results and Discussion 

  2.1.     Absorption Spectra Characterizations 

 The aggregation behavior of PTDPPTFT4 upon adding  p -xylene 
to its THN solution was monitored by solution UV/Vis spec-
troscopy, as shown in Figure  1 c. To obtain strong UV absorp-
tion, we prepared a high concentration solution (0.2 mg mL –1 ), 
PTDPPTFT4 exhibited two absorption bands with two maxima 
at 430 nm and 807 nm. The absorption band at longer wave-
length is attributed to intramolecular charge transfer between 
the donor and acceptor moieties in the polymer backbone. 
The intensity of the absorption peak at 807 nm increased with 
the amount of  p -xylene added. The absorption peak increased 
from 1.26 A in 0%  p -xylene to 1.46 A in 100%  p -xylene. This 
may be attributed to the formation of aggregates. THN com-
monly showed good solubility for conjugated polymers due 
to its Hansen solubility parameter ( δ  D : 19.6 MPa 1/2 ) close to 
many conjugated organic molecules and polymers, ex. thio-
phene ( δ  D : 18.9 MPa 1/2 ), DPP-based derivative (DPP(TBFu) 2 ) 
( δ  D : 19.3 MPa 1/2 ), poly(cyclopentadithiophene-benzothidiazole) 
(PCPDTBT) ( δ  D : 19.6 MPa 1/2 ) and PCBM ( δ  D : 20.2 MPa 1/2 ). [ 38,39 ]  
As compared to THN,  p -xylene is better at solvating the long 
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alkyl chains, because the Hansen solubility parameter of 
 p -xylene ( δ  D : 17.9 MPa 1/2 ) is close to that of the hexadecyl and 
heptadecyl side chains (16.4 MPa 1/2 ). Therefore, with increasing 
ratio of  p -xylene, the high miscibility between  p -xylene and the 
side chains may be benefi cial to extend the alkyl chains and 
induce the self-assembly of polymer chains. Figure  1 d shows 

the UV-vis spectra of the solution, spin-coated and solution-
sheared thin fi lms. There is a slight red shift of the absorption 
edge from solution to spin-coated to solution-sheared fi lm, 
indicating increased aggregation of polymer chains. In addition 
to UV-vis spectra, we also measured photoluminescence spectra 
of these polymer solutions (Figure S1, Supporting Informa-

tion). However, unfortunately, the intensity of 
the near-IR photoluminescence spectra is quite 
weak. Therefore, it is diffi cult to observe the 
change of polymer aggregation from these pho-
toluminescence spectra.  

  2.2.     Characterization of Polymer Field-Effect 
Transistors 

 To investigate the impact of mixed solvents on 
charge transport, we fi rst measured the elec-
tronic performance of spin-coated PTDPPTFT4 
FETs in an inert atmosphere. A summary of 
the measured results is compiled in  Table    1  . 
The charge carrier mobility was calculated from 
the slope of the square root of drain-to-source 
current ( I  DS  1/2 ) versus gate voltage ( V  g ) in the 

Adv. Funct. Mater. 2014, 24, 3524–3534

Figure 1. a) Chemical structure of PTDPPTFT4. b) Solution shearing confi guration. c) UV-vis spectra of the mixed-solvent ratios (0, 25, 50, 75, 100% 
p-xylene in THN). d) UV-vis spectra of solution and thin-fi lm states made from 25% p-xylene solution.

Table 1. Summary of the electrical properties of PTDPPTFT4 FETs using different mixed-
solvent ratios. These samples were prepared at the optimum deposition temperature.

Process p-Xylene (%) MobilityMAX 
[cm2 V−1 s−1]

Mobility Avg 
[cm2 V−1 s−1]

on/offAvg Vth
Avg 

[V]

spin coating 0 1.70 1.36 ± 0.24 (3 ± 2) × 105 −9 ± 3

25 2.53 2.20 ± 0.28 (2 ± 1) × 106 −18 ± 1

50 1.14 1.03 ± 0.08 (4 ± 3) × 105 −3 ± 3

75 1.16 1.05 ± 0.20 (6 ± 4) × 105 −6 ± 3

100 0.91 0.89 ± 0.18 (4 ± 3) × 105 −7 ± 2

solution shearing 0 3.12 2.76 ± 0.29 (3 ± 2) × 103 −19 ± 4

25 3.94 3.13 ± 0.55 (2 ± 1) × 106 −15 ± 6

50 2.89 2.21 ± 0.55 (2 ± 1) × 104 −13 ± 7

75 2.84 2.08 ± 0.73 (2 ± 1) × 104 −2 ± 4

100 1.85 1.26 ± 0.38 (4 ± 3) × 104 −9 ± 9
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saturation regime. The average mobilites were obtained from 
5 to 13 devices for each condition.  Figure    2  a,b show the typical 
transfer and output electrical characteristics of a FET, respec-
tively. All of the FETs fabricated on the octadecyltrimethoxyl-
silane (OTS)-modifi ed SiO 2  dielectrics exhibited well-defi ned 
linear and saturation regimes. The transfer curve shows a hys-
teresis of less than 3 V, attributed to the good passivation of 
charge traps on the dielectric surface by the crystalline OTS 
self-assembled monolayer prepared according to our previously 
reported procedures. [ 40,41 ]  As shown in Table  1  and Figure  2 c, 
the PTDPPTFT4 FETs spin-coated from 0, 25, 50, 75, and 100% 
 p -xylene solutions exhibited average hole mobilities of 1.36, 
2.20, 1.03, 1.05 and 0.89 cm 2  V −1  s −1  respectively, indicating 
that the performance is sensitive to the selection of solvents. 
The spin-coated devices prepared from 25%  p -xylene exhibited 
a maximum mobility of 2.53 cm 2  V −1  s −1 , on/off ratio of 2 × 10 6 , 
and threshold voltage of −18 V. We also evaluated the mixed-sol-
vent system on various surfaces, including polymer dielectrics, 

such as divinyltetramethylsiloxane-bis(benzocyclobutene) 
derivative (BCB) and crosslinked poly(4-vinyl phenol) (PVP) 
and SiO 2  dielectric modifi ed with different self-assembly mon-
olayers (hexamethyldisilazane (HMDS, contact angle: 80°), 
octyltrimethoxylsilane (OTS-C8, contact angle: 96°) and octade-
cyltrimethoxylsilane (OTS-C18, contact angle: 108°); as shown 
in Figure  2 d). Even on different dielectrics, mixed-solvent 
devices prepared from 25%  p -xylene still showed higher mobili-
ties compared to single-solvent devices. 

 An OTS-modifi ed crosslinked PVP dielectrics enable high-
performance low-voltage devices. Figure  2 e,f show the transfer 
and output curves of the FETs spin-coated from 25%  p  -xylene 
solution. These devices showed an average hole mobility of 
1.38 cm 2  V −1  s −1  and a maximum mobility of 1.86 cm 2  V −1  s −1 , 
on/off ratio of 2 × 10 4 , and threshold voltage of –1.2 V with a 
low saturation gate-source voltage of 5 V. The performance of 
PTDPPTFT4 spin-coated on a crystalline OTS-modifi ed PVP 
surface is comparable to that on a 300 nm thick SiO 2  dielectric, 

Adv. Funct. Mater. 2014, 24, 3524–3534

Figure 2. a) Transfer and b) output characteristics of solution-sheared PTDPPTFT4 FETs, where Vd = –100 V. c) Hole mobilities of the solution-sheared 
and spin-coated PTDPPTFT4 FETs as a function of mixed-solvent ratios. d) Hole mobilities of spin-coated PTDPPTFT4 on different surface. e) Transfer 
and f) output characteristics of spin-coated PTDPPTFT4 FETs on crosslinked PVP dielectrics, where Vd = –5 V.
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despite the operation voltage (5 V) of the PVP devices being 
much lower than that of the SiO 2  devices (100 V). Besides, we 
observe small hysteresis of ca. 0.5 V in PVP-based devices. The 
small hysteresis may be attributed to the moisture in the air. 
We note that the PVP-based devices were made and evaluated 
in ambient conditions. The moisture is easily to be absorbed 
by PVP due to its hydroxyl groups, and then results in the for-
mation of defects at the semiconductor/dielectric interface. 
The hysteresis can be signifi cantly reduced when measuring 
in an inert atmosphere. Although the devices were stored and 
evaluated in the air, the device still showed excellent stability. 
After storing in air for more than two months, the mobility and 
threshold voltage showed only a slight degradation (average 
mobility decreased from 1.38 to 1.15 cm 2  V −1  s −1  and the 
average threshold voltage only increased by 0.1 V) (Figure S2, 
Supporting Information). The excellent air stability is presum-
ably due to the low HOMO level of PTDPPTFT4 (–5.3 eV), 
leading to good oxidation stability. 

 To further improve device performance, we used solution 
shearing to prepare polymer thin fi lms. As shown in Table  1 , the 
solution-sheared FETs from 0, 25, 50, 75, and 100%  p  -xylene solu-
tions exhibited average hole mobilities of 2.76, 3.13, 2.21, 2.08, 
and 1.26 cm 2  V  1  s −1  respectively. The solution-sheared devices 
made from 25%  p -xylene again exhibited the highest maximum 
mobility of 3.94 cm 2  V −1  s −1 . The improved performance obtained 
here compared to spin coating is due to the fi ne tuning of mor-
phology using mixed solvents and the solution shearing method 
(see morphology characterization in Section 2.3.). 

 From the above device characterization, both of the spin-
coated and solution sheared devices consistently showed a 
similar trend, the highest mobilities obtained from the 25% 
 p -xylene solution. Several factors may contribute to this trend. 
One possible factor is the solvent evaporation rate. The use 
of a high boiling-point solvent may facilitate crystal growth 
and enhance charge transport. THN is a high boiling point 
solvent (b.p. of 208 °C). We observed that the THN-cast fi lm 
(0%  p -xylene) signifi cantly increased evaporation time for spin 
coated fi lms (>30 min for 0%  p -xylene versus <1 min for 100% 
 p-  xylene). However, the solvent evaporation rate is insuffi cient 
to explain why the fi lm cast from pure THN showed a lower 
mobility compared to that coated from the 25%  p -xylene solu-
tion, which had a lower boiling point. Furthermore, during 
solution-shearing, we used an elevated substrate temperature 
somewhat below the boiling point of the solvent to better con-
trol the deposition rate. Higher temperatures caused faster 
deposition, thicker fi lms and eventually lower device perfor-
mance, while lower temperatures may prevent polymer fi lm 
deposition on OTS-modifi ed SiO 2  substrates. The optimized 
substrate temperatures of the solution-sheared fi lms prepared 
from 0, 25, 50, 75, and 100%  p -xylene are 145, 130, 117, 108, 
and 97 °C, respectively, and the drying time of each solution-
sheared fi lm was less than 1 minute, even using high boiling-
point THN. Therefore, despite the short evaporation time with 
solution shearing, the mobilities of FETs made from solution 
shearing are still consistently higher than those prepared from 
spin coating, which experienced a longer deposition time. To 
further understand the impact of mixed solvents and solution 
shearing, we characterized the fi lm surface morphology and 
crystalline structure, as discussed below.  

  2.3.     Morphology Characterizations 

 To investigate the infl uence of mixed solvents on surface mor-
phologies, the topographical images of the spin-coated and 
solution-sheared fi lms ( Figures    3  ,  4  ) were obtained by atomic 
force microscopy (AFM). As shown in Figure  3 , the spin-
coated fi lms prepared from the pure THN solution displayed a 
smooth surface. This may be attributed to the high solubility of 
the polymer in THN. With increasing proportions of  p -xylene, 
larger aggregates and porous morphology were observed. The 
root-mean-square roughnesses increased for fi lms made from 
0, 25, 50, 75, and 100%  p -xylene, with values of 2.1, 2.0, 2.2, 3.3, 
to 5.3 nm, respectively. This roughness trend may be attributed 
to increased aggregation formation by  p -xylene. 

 The solution shearing method was previously reported by 
our group as an effective coating method to prepare crystal-
line fi lms of small molecules and polymers. [ 31–33,42,43 ]  Here, the 
solution-sheared fi lm made from a THN solution displayed a 
morphology consisting of many small spherical aggregates 
(Figure  4 a), while the fi lm prepared from pure  p -xylene revealed 
mesh-like features with many small bundles of nanofi bers 
(Figure  4 e). When mixing THN and  p -xylene, the resulting thin-
fi lm surface morphology dramatically changed. The 50 and 75% 
 p -xylene fi lms showed mesh-like morphologies with many deep 
voids with a depth of 52 and 74 nm, respectively (Figure  4 c,d). 
Similar mesh-like morphologies were also observed in spin-
coated fi lms made from  p -xylene-rich solutions (75 and 100% 
 p -xylene, Figure  3 ). As compared to 50 and 75%  p -xylene fi lms 
with the mesh-like morphology, the surface of the fi lm pre-
pared from a 25%  p -xylene solution showed large bundles of 
nanofi bers with shallower voids (depth = 25 nm) (Figure  4 b). 
The changes in these surface morphologies may be attributed 
to the solubility behavior of polymer chains in solution, which 
we investigated using small angle X-ray scattering (see discus-
sion in Section 2.4. below). Note that the deep grain bounda-
ries are not desirable for charge transport, because it has been 
reported that the grain boundaries cause an energy barrier and 
limit charge carrier mobility in organic fi lms. [ 23 ]  Therefore, the 
mesh-like or porous morphologies may reduce charge transport 
in the fi lms made with a large amount of  p -xylene. 

 It has been shown that some polymer nanofi bers have 
high crystallinity and good charge transport. [ 23 ]  Intriguingly, 
nanofi ber bundles were only observed in solution-sheared 
fi lms rather than spin-coated fi lms. There are several possible 
interpretations for these morphology differences. One possible 
reason is the infl uence of substrate temperatures. As compared 
to the spin coating technique, the solution shearing was per-
formed at an elevated temperature. The high temperature may 
improve the solubility and aid the disentanglement of polymer 
chains in solution, resulting in better molecular packing. The 
second possible reason is the induced convection in solution 
shearing. During solution shearing, rapid solvent evaporation 
at the meniscus front induces a convective fl ow, which facili-
tates mass transport and may enhance crystal growth. Another 
possibility is improved molecular packing in the organic semi-
conductors. Previously, we have observed that solution shearing 
results in the formation of meta-stable strained packing struc-
ture of TIPS-pentacene and enhances π–π stacking. [ 31 ]  Hence, 
different processing conditions may also lead to different 
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molecular packing in the polymer fi lm. To gain a better under-
standing of the infl uence of mixed-solvent effects on the molec-
ular packing, we employ X-ray diffraction to explore the aggre-
gation behavior in solution and the crystalline structures of 
polymer in fi lms (see Section 2.5.).  

  2.4.     Solution Small Angle X-Ray Scattering 

 In the above UV-vis absorption section, we found that the higher 
content of  p -xylene induces more aggregates in solution. How-
ever, the UV-vis spectra cannot provide much information about 
polymer conformation in solution. To investigate the aggrega-
tion behavior of our polymer in various solvents, we employed 
small angle X-ray scattering (SAXS), as shown in  Figure    5  , 
and analyzed the data with the Unifi ed approach, which is a 
combination of Porod’s and Guinier’s law. [ 44 ]  Guinier’s law was 
used to estimate radius of gyration,  R  g , which is a measure for 
the effective size of aggregates, as well as the sub-units within 
the aggregate. [ 44–47 ]  Regardless of the solvent system, a high  q  
Guinier regime (region iii) is observed. The model fi tting in 
the high  q  Guinier regime shows that  R  g  steadily increases with 
increased  p -xylene concentration, with  R  g  = 6.5, 7.3, 7.3, 9.8, 
and 10.3 Å for 0%, 25%, 50%, 75%, and 100%  p -xylene respec-
tively. We attribute the Guinier region observed in this high  q  
region to arise from scattering from the monomer repeat unit, 

with the steady increase arising to the monomer repeat unit 
taking on a more expanded conformation. We believe it is likely 
that this expansion is due to the increased solubilizing of the 
side chains with increased  p -xylene concentration. 

 In the intermediate  q  region, region ii from approximately 
0.01 Å −1  to 0.1 Å −1 , we observe a power law scaling which we fi t 
to the Porod law. The Porod exponent provides insight into the 
geometrical conformation of the larger scale polymer aggregate. 
We expect a Porod exponent of –2 for a polymer which adopts 
a Guassian coil, while deviation to more negative Porod expo-
nents indicates a collapsed coil conformation and deviation to 
less negative Porod exponents indicates an expanded coil con-
formation. [ 48 ]  At the extreme of the expanded coil conformation 
a Porod exponent of –1 indicates that the aggregate has adopted 
a rigid rod structure. [ 48 ]  For all cases observed here we observe 
Porod exponents very close to –1, with the 0%, 25%, 50%, 
75% and 100% xylene samples exhibiting Porod exponents of 
–1.3, –1.1, –1, –1.3, and –1.2 respectively. This indicates that 
in the case of the 0%, 75%, and 100%  p -xylene solutions, the 
polymer chains which comprise the aggregate have adopted 
an expanded coil conformation. However, at lower percentages 
of  p -xylene (25% and 50%), the polymer chains are very stiff, 
indicating that the polymer chains have adopted a more rigid 
rod structure in solution. 

 Lastly, at the lowest q measured we observe a second Guinier 
plateau, region (i), for the 0%, 75% and 100% xylene samples, 

Adv. Funct. Mater. 2014, 24, 3524–3534

Figure 3. AFM topography images of spin-coated PTDPPTFT4 fi lms made from different mixed-solvent ratios: THN with a) 0%, b) 25%, c) 50%, d) 75% 
p-xylene, and e) 100% p -xylene.
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with associated Rg of ≈ 30 nm, 16 nm, and 20 nm. For the 25 
and 50% xylene samples, no second Guinier region is observed 
within our measurement range indicating that the solution 
phase aggregates are larger than 30 nm. The large size of these 
aggregates also indicates that these solution phase aggregates 
are comprised of multiple, loosely connected polymer chains, 
as the expected  R  g  for a single chain should be on the order 

of 10 nm for a completely rigid polymer coil and 4 nm for a 
polymer which adopts a Guassian coil conformation. [ 48,49 ]  The 
fact that the Guinier region is not observed in the case of the 
25% and 50%  p -xylene solutions coupled to the observation of a 
decrease in the Porod exponent. The addition of lesser amounts 
of  p -xylene most likely causes the polymer chains to fully elon-
gate and adopt a rigid rod structure resulting in larger aggre-
gates than when the individual chains are more collapsed as 
is the case in the pure THN solutions as well as when larger 
amounts of xylene is added. 

 The SAXS analysis reveals that a small amount of  p -xylene sig-
nifi cantly enhanced the stiffness of the individual polymer chains 
resulting in larger more extended solution phase aggregates. 
However, the further increase in  p -xylene resulted in the side 
chains acting as the sole solubilizing groups, and the insuffi cient 
solvation of the side chains may lead to the collapse of the chains, 
potentially causing an increase of disorder within the aggregates.  

  2.5.     Grazing-Incidence X-Ray Diffraction 

 The molecular packing of the PTDPPTFT4 fi lms prepared 
on a crystalline octadecyltrimethoxylsilane (OTS-C18) -modi-
fi ed [ 41 ]  bare Si substrate using solution shearing was investi-
gated by grazing-incidence X-ray diffraction (GIXD) ( Figure    6  ). 
PTDPPTFT4 showed well-defi ned high-order diffraction peaks 

Adv. Funct. Mater. 2014, 24, 3524–3534

Figure 4. AFM topography images of solution-sheared PTDPPTFT4 fi lms made from different mixed-solvent ratios at a shearing speed of 1 mm s–1: 
THN with a) 0%, b) 25%, c) 50%, d) 75%, p-xylene, and e) 100% p-xylene.

Figure 5. Small angle X-ray scattering curves for PTDPPTFT4 as a func-
tion of THN:p-xylene solvent ratio. Three regimes are present i) a guinier 
regime at the lowest q measured, ii) a porod regime at 0.01 >q > 0.1 Å−1, 
and iii) a fi nal guinier regime at high q.
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near the out-of-plane axis, which are due to an ordered lamellar 
structure. The calculated lamellar spacing of PTDPPTFT4 
with two C 17 H 35  side chains is 25.8 Å ( Table    2  ), similar to the 
spacing of PBTTT with C 18 H 37  side chains, [ 50 ]  suggesting that 
PTDPPTFT4 may possess an inter-digitated packing of linear 
alkyl side chains or a tilted molecular plane. In addition, the 
PTDPPTFT4 fi lm displayed two well-defi ned in-plane diffrac-
tion peak at 1.48 and 1.74 Å −1  (Figure  6 a), which are attributed 
to an ordered packing of the side-chains and to ordered π–π 
stacking, respectively. The calculated spacing of the in-plane 
diffraction peaks at 1.48 Å −1  was 4.23 Å, which is the same as 
our previously reported peak position for the crystalline OTS 

monolayer with a hexagonal lattice. [ 40,41 ]  However, this peak 
was still observed even if PTDPPTFT4 was spin coated on a 
bare Si substrate without any OTS modifi cation (Figure S3, 
Supporting Information). Additionally, differential scanning 
calorimetry (DSC) showed a melting point of around 40–45 °C. 
Together, this evidence suggests the side chains of PTDPPTFT4 
formed an ordered structures, rarely seen for other conjugated 
polymers.This peak is much stronger in the in-plane direction 
compared to the out-of-plane direction suggesting that the side-
chains prefer an edge-on packing structure on the substrate 
(nearly upright standing and interdigitated). 

 The higher q in-plane peak at 1.74 Å −1  is attributed to π–π 
stacked packing between polymer chains. The π–π stacking 
peak position is calculated by summing the intensities along 
Chi from 0 to 82 degrees, between Q of 1.62 and 1.85 Å −1 , 
after background subtraction (Figure S4, Supporting Infor-
mation). We note that this pi-pi stacking peak position is an 
average throughout the fi lm. Figure  6 b shows the π–π stacking 
peaks of fi lms made from various mixing ratios. Intriguingly, 
we observed that π–π stacking distance slightly depended 
on the mixed solvent ratios when using solution shearing. 
The smallest π–π stacking distance (3.62 Å) was observed in 
the fi lm made from 25%  p -xylene. We observed that the π–π 
stacking distance of the solution-sheared fi lm was smaller than 
that of equivalent fi lms prepared from spin coating (3.71 Å) 
by almost 0.1 Å (Table  2 ). A smaller π–π stacking distance is 
expected to yield higher intermolecular overlap integral, ben-
efi cial to charge transport in the fi lm. [ 9 ]  Therefore, the solution 
sheared devices can show almost two times higher mobilities 
compared to spin coated devices. Furthermore, this close mole-
cular packing partly explains why the nanofi ber bundles were 
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Figure 6. a) GIXD measurements for solution-sheared PTDPPTFT4 fi lms. b) The (010) diffraction peaks of solution-sheared fi lms. c,d) Two-dimensional 
GIXD patterns of c) 0% and d) 25% p-xylene fi lms.

Table 2. Grazing-incident X-ray diffraction data for PTDPPTFT4 FETs 
using different mixed-solvent ratios.

Process p-Xylene 
(%)

Lamellar 
spacing [Å]

FWHM of 
out-of-plane peaka) 

[Å−1]

π–π stacking 
distance

 [Å]

spin coating 0 25.7 0.062 3.70

25 25.9 0.059 3.71

50 25.8 0.060 3.70

75 25.8 0.059 3.71

100 25.8 0.057 3.72

solution shearing 0 26.1 0.045 3.64

25 25.8 0.038 3.62

50 25.8 0.041 3.66

75 25.8 0.044 3.64

100 25.8 0.045 3.68
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observed only in solution-sheared fi lms. Note that a change of 
molecular packing was observed in the solution-sheared fi lms, 
indicating that solution shearing could be used to tune polymer 
packing structures. Further optimization of device performance 
of solution sheared devices based on polymer materials will be 
reported in due course. 

 The crystalline orientation of polymer fi lms can be charac-
terized by the intensity distribution of diffraction peaks. [ 51 ]  
Typically, more oriented fi lms were found to have more effi -
cient charge transport due to better alignment between adja-
cent ordered regions. However, some polymers showed high 
mobility with a mixture of face-on and edge-on orientations of 
the polymer backbones. [ 9 ]  Figures  6 c,d shows the GIXD pattern 
of solution-sheared fi lms prepared from 0% and 25%  p -xylene. 
The pure THN fi lm (i.e., 0%  p -xylene) showed more isotropic 
diffraction pattern than other fi lms, indicating more random 
orientation of polymer chains in pure THN fi lm. The more 
random orientation inferred from GIXD is consistent with the 
morphology of the THN fi lm via AFM (Figure  3 a). The fi lm 
produced from a 25%  p -xylene solution displayed a mixture of 
edge-on and face-on orientations. Furthermore, as compared 
with 0%  p -xylene, there is an increasing fraction of edge on ori-
entation. However, when deposited from solutions with a larger 
amount of  p -xylene (50, 75, and 100%), the diffraction patterns 
of polymer fi lms again became more isotropic (Figure S5, 
Supporting Information), indicating the crystalline domains 
became less orientated with larger amounts of  p -xylene. The 
better crystalline orientation may be affected by either the high 
thickness or fast solvent evaporation. The fi lm thickness typi-
cally increased with the increased  p -xylene amount, presum-
ably because  p -xylene evaporates faster. As a result, the 100% 
 p -xylene fi lm exhibited the highest thickness (around 127 nm) 
among all polymer fi lms. Himmelberger and coworkers pre-
viously investigated the effects of confi ned thin fi lm geom-
etry on polymer crystallization behavior. [ 52 ]  They found that a 
thinner polymer fi lm gave a more oriented crystalline fi lm than 
a thicker fi lm due to the confi nement effect and infl uence by 
the semiconductor/substrate and semiconductor/solvent inter-
faces. Since the confi nement effect decreases in the thicker 
fi lms, the fi lms became less oriented in the PTDPPTFT4 
fi lms made with a higher content of  p -xylene. In addition to 
the thickness effects, the lower boiling point of  p -xylene, com-
pared to THN, may cause faster fi lm deposition and induce 
more defects embedded in polymer fi lms. As discussed above, 
using a small amount of  p -xylene can facilitate closer molecular 
packing and more oriented fi lms. On the other hand, the use 
of large amount of  p -xylene induced more isotropic fi lms, pos-
sibly limiting charge transport. Therefore, the combination of 
the mixed-solvent approach and solution shearing can be used 
to tune the thin fi lm packing and morphology of conjugated 
polymers.    

  3.     Conclusion 

 High-performance solution-sheared polymer thin-fi lm transis-
tors processed through non-chlorinated mixed solvents have 
been demonstrated. The charge transport, crystalline orien-
tation and fi lm morphology of the polymer devices were all 

observed to be signifi cantly affected by changing the ratios 
of  p -xylene to THN in the mixed solvent systems. When the 
amount of  p -xylene was increased in the mixed solvent, a 
higher degree of aggregation along with a more oriented fi lm 
was obtained with the polymer backbone edge-on on the sub-
strate. In contrast, an increase in the amount of THN resulted 
in a slower evaporation rate (due to its higher boiling point), 
hence providing a longer deposition time to allow for ordered 
molecular assembly. By optimizing the ratio of mixed sol-
vents, we observed that the performance of FETs are vastly 
improved with both spin coating and solution shearing. It 
was also observed that the stiffness of polymer aggregates 
increased in solution upon the addition of a small amount of 
 p  -xylene, thus resulting in the formation of highly crystalline 
nanofi bers. When mixing with a small amount of  p -xylene, 
the PTDPPTFT4 fi lms exhibited closer molecular packing and 
better crystalline orientation. For PTDPPTFT4 FETs prepared 
via the solution shearing approach, the resulting highly aligned 
crystalline nanofi ber bundles showed a mobility as high as 
3.94 cm 2  V −1  s −1 . PTDPPTFT4 also exhibited a mobility more 
than 1 cm 2  V  1  s −1  at a low voltage of 5 V on the crosslinked 
poly(4-vinylphenol) (PVP) dielectric layer. Furthermore, our 
fabricated device showed prolonged air stability, even after 
exposure to air for two months. In summary, this study dem-
onstrates that using carefully identifi ed non-chlorinated mixed 
solvents and a coplanar donor-acceptor polymer can collectively 
provide a promising path forward for practical organic elec-
tronics applications.  

  4.     Experimental Section 
  Characterization : Tapping-mode AFM images of the fi lms were 

recorded using a Multimode Nanoscope III with Extender electronics 
(Digital Instruments/Veeco Metrology Group, Santa Barbara, 
CA). UV-vis spectra were measured with a Varian Cary 6000i UV-vis. 
spectrophotometer. The capacitance of the polymer dielectric layer 
was recorded using an Agilent E4980A LCR meter. Transmission SAXS 
studies on the casting solutions were carried out at beamline 4–2 at the 
Stanford Synchrotron Radiation Light source. It is noteworthy that the 
solution SAXS was performed at an elevated temperature around 75 °C to 
prevent polymer gelation, which blocks the transfer of polymer solution. 
Grazing incidence X-ray diffraction (GIXD) patterns were measured at 
the Stanford Synchrotron Radiation Lightsource on beamline 11–3 with 
a photon energy of 12.73 keV. The angle of incidence was fi xed at 0.12° 
to enhance the diffraction intensity and reduce substrate scattering. 
Numerical integration of the diffraction peak areas was performed with 
the software WxDiff. [ 53 ]  

  Transistor Fabrication : Highly doped  n -type Si (100) wafers (<0.004 Ω cm) 
were used as substrates. A 300 nm SiO 2  layer (capacitance per unit area 
 C  i  = 10 nFcm −2 ) was thermally grown onto the Si substrates as a gate 
dielectric. These wafers were cleaned by using oxygen plasma (Jelight Inc. 
UVO-Cleaner 42) at a power of 150 W under oxygen pressure of 200 Torr 
for 5 min. Crystalline octadecyltrimethoxylsilane (OTS)-treated surface 
on SiO 2 /Si substrates were obtained by the following procedures: a clean 
SiO 2 /Si substrate was spin-coated with a solution of 3 m M  OTS solution 
in trichloroethylene (TCE), and then the substrates were treated overnight 
with an ammonia vapor. [ 40,41 ]  The OTS-treated surface was rinsed with 
toluene, acetone and isopropyl alcohol, and then dried with nitrogen. 
The contact angle of the OTS-treated SiO 2 /Si substrates, measured with 
deionized water, was approximately 108°. The organic semiconductor thin 
fi lms were deposited on SiO 2 /Si substrates through solution-shearing 
(SS) or spin-coated methods. The polymer solution was heated at 120 °C 
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so that the solution would be fully dissolved prior to solution processing. 
Solution-sheared thin fi lms were prepared as reported previously. [ 26 ]  The 
optimized substrate temperatures for solution shearing are signifi cantly 
below the boiling points of the solvents. [ 32 ]  In our mixed-solvent system, 
the substrate temperatures range from 97 °C to 145 °C, depending on 
the ratio of mixed solvents. The drying time of all solution-sheared fi lms 
was less than 1 min even using high boil-point THN, because of applied 
substrate temperatures. In contrast, the spin-coated fi lms using THN as a 
solvent commonly take at least half an hour to completely dry. The solution 
concentrations for spin coating and SS deposition ranged from 2–10 mg mL –1 . 
The spin-coated fi lms were deposited from the mixed-solvent solution 
( p- xylene/THN) at a spin rate of 1000 rpm for 60 s, and the SS fi lms 
were prepared at a shearing rate of 0.2–4 mm s −1 . The fi lm thicknesses 
of these solution-sheared and spin-coated fi lms range from 48 nm to 
127 nm. To obtain high crystallinity, these samples were annealed at 
190 °C for an hour in inert atmosphere. Gold contacts (40 nm) were 
evaporated onto the SS and spin-coated thin fi lms with a channel length 
( L ) of 50 µm, and a channel width ( w ) of 1000 µm. The polymer dielectric 
layer was prepared by spin coating a solution of poly(vinyl phenol) (PVP) 
(Sigma-Aldrich, Mw around 25 000) and 4,4′-(hexafl uoro-isopropylidene) 
diphthalic anhydride (HDA) (Sigma-Aldrich, 99%) with a ratio of 10:1 
(PVP:HDA) in propylene glycol monomethyl ether acetate (PGMEA). 
The concentration of the combined PVP and HDA in solution was 
40 mg mL –1 . Triethlyamine (Sigma-Aldrich, 99%) was used as a catalyst. 
Spin-coating rate was 7000 rpm for 60 s. [ 54 ]  The dielectric layer was annealed 
at 120 °C for at least 2 h for crosslinking, and then a second layer was spin-
coated on the dielectric layer and annealed again (fi nal PVP thickness = 
45 nm). [ 55 ]  The FET transfer and output characteristics were recorded 
in a N 2 -fi lled glove box or in air by using a Keithley 4200 semiconductor 
parametric analyzer (Keithley Instruments, Cleveland, OH).  
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