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showed higher carrier mobility than lower MW PCDTPT 
(100 kDa) in OFETs fabricated by drop-casting the semicon-
ducting material. [ 24 ]  A method of combining nano-grooved 
substrates and slow drying in a tunnel-like confi guration was 
demonstrated to align the polymer into highly oriented fi bers 
and thereby achieve chain orientation and order which showed 
signifi cant gains in the charge mobility. A hole mobility of 
6.7 cm 2 /Vs was demonstrated for high MW PCDTPT. [ 24 ]  It would 
be ideal for widespread practical implementation if one could 
achieve long-range alignment of low MW polymer semiconduc-
tors by a simple method in order to achieve high carrier mobility.  

 We report here a systematic study of OFETs fabricated with 
PCDTPT of several MWs (ranging from 30 to 300 kDa) to 
understand the relationship between MW and carrier mobility. 
By achieving better orientation and higher fi ber density, mobili-
ties as high as 23.7 cm 2 /Vs have been demonstrated. Inter-
estingly, we fi nd that these high mobility values are relatively 
insensitive to MW. This is consistent with long-range alignment 
of the semiconducting polymer chains such that the transport 
occurs dominantly along the conjugated backbone with occa-
sional  π–π  hopping to neighboring chains. 

 Regioregular PCDTPT was synthesized according to previous 
procedures [ 15 ]  and was then separated into different MW frac-
tions (30, 50, 80, 160, and 300 kDa) by gel permeation chroma-
tography (GPC). The MW distributions and PDI are provided 
in Figure S1 and Table S1 (Supporting Information). Bottom 
gate, bottom contact fi eld effect transistors were fabricated with 
the architecture “Si (500 µm)/SiO 2  (300 nm)/Au (50 nm)/decyl-
trichlorosilane/PCDTPT” by slow drying in the tunnel-like con-
fi guration with a tilt angle ∼13° on nano-grooved substrates. [ 24 ]  
For comparison, FETs with the same architecture were made by 
drop-casting onto normal substrates (without surface grooves). 

  Figure    1   summarizes the carrier mobilities obtained from the 
FETs in the saturation regime as a function of MW. In Figure  1 A, 
the average mobilities obtained by drop-casting without 
polymer chain alignment are 1.9, 1.3, 1.2, 0.7, 0.7 cm 2 /Vs for 
300, 160, 80, 50, and 30 kDa, respectively. These results show 
a slight MW dependence on mobility, where higher MW gives 
higher carrier mobility; similar to data reported previously in 
the literature. [ 16,19,20 ]  On the other hand, Figure  1 B shows that 
higher average mobilities that are insensitive to MW can be 
obtained by using nano-grooved substrates that orient polymer 
fi lms through self-assembly to fabricate the FETs. We fi nd that 
polymer orientation is of principal importance to achieve high 
mobility. As shown in Figure  1 B, the mobility for the 50 kDa 
polymer is μ = 23.7 cm 2 /Vs, the highest value reported 
for polymer OFETs (the average value of ten independently 

  Organic fi eld-effect transistors (OFETs) continue to attract 
interest because of improvements in the charge carrier mobility 
and lifetime stability. OFETs are promising for use in “plastic 
electronics” with unique properties including fl exibility, transpar-
ency, and solution-processibility for high throughput manufac-
turing methods such as roll-to-roll coating and inkjet printing. [ 1–5 ]  
Signifi cant progress has been made in solution-processed OFETs 
based on the use of conjugated small molecules and polymers as 
the semiconducting material in the FET channel. Charge carrier 
mobilities (μ) of 10 cm 2 /Vs achieved recently make such devices 
useful for industrial application. [ 5–7 ]  Semiconducting polymers 
offer better potential for fi lm forming and mechanical properties, 
compared with their small molecule counterparts. [ 3,8,9 ]  Several 
strategies including process optimization [ 10–14 ]  and molecular 
design [ 9–17 ]  have been proposed to achieve order within the 
polymer fi bers and better polymer packing. 

 One of the important variables for achieving high charge 
carrier mobility in OFETs is the polymer molecular weight 
(MW). [ 16,18–20 ]  Low MW materials tend to form crystalline 
domains, and the “grain boundaries” signifi cantly reduce the 
carrier mobility. [ 21,22 ]  For high-performance high-molecular-
weight polymers, the presence of interconnected aggregates is 
required for high carrier mobility. [ 23 ]  From the synthesis point 
of view, the production yield for high MW materials with low 
polydispersity remains a challenge. In addition, high MW 
materials also present diffi culties during the fabrication pro-
cess. They are often diffi cult to dissolve, and the high viscosity 
limits utility in high-resolution inkjet printing. 

 In our previous work high-MW, regioregular poly[4-(4,4-
dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’]dithiophen-2-yl)- alt -[1,2,5]
thiadiazolo[3,4-c]pyridine] (PCDTPT, 300 kDa,  Scheme    1  ) 
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fabricated FETs is 16.3 cm 2 /Vs). Figure  1 C and Figure  1 D show 
the transfer and output curves of the best device.  

 The transfer curve in Figure  1 C shows non-linear behavior, 
which has been observed in other high mobility system. [ 20 ]  We 
note that the output data at high V g  do not show saturation. 
Thus, we calculate the mobility using the slope in the low V g  
regime (V g <20 V) for which there is good saturation and for 
which the standard formula is valid. The apparent mobility vari-
ation as a function of gate bias is shown in Figure S2. 

 In order to understand the insensitivity of the mobility to 
MW, both non-oriented and oriented fi lm morphologies have 
been characterized by atomic force microscopy (AFM) at the 
surface and bottom interface.  Figure    2  A-B and Figure S3 (Sup-
porting Information) shows the topography of the fi lms made 
by drop casting on normal substrates. Nano-scale polymer fi ber 
structures form for all MW fractions. The macroscopic mor-
phology changes dramatically, however, from 300 kDa to low 
30 kDa (Figure  2 A-B). The polymer fi ber structure is direction-
ally random for the high-MW PCDTPT (Figure  2 A), whereas 
the fi ber structures become larger and well-defi ned apparently 
crystalline domains are observed for low 
MW polymers (Figure  2 B). In each domain, 
the fi bers are aligned parallel to one direc-
tion, indicating that the lower MW polymers 
have better packing and tend to form ordered 
fi bers. As seen in the AFM phase image of 
the 30 kDa polymer FET fi lm, (Figure S3F), 
the polymer fi bers within a domain are 
aligned over lengths approaching the 
micrometer scale. However, there are dis-
ordered grain boundary regions between 
domains. These create trapping sites for 
charge transport and thereby limit the carrier 
mobility. [ 25 ]  As a result, the carrier mobility 
decreases as the MW decreases in these non-
aligned polymer FETs.  

 Carrier mobilities for all the MW ranges 
have been dramatically improved (see 
Figure  1 A-B) due to the formation of well-
aligned polymer fi bers after slow drying on 
nano-grooved substrates. Images of both the 
topside and bottom-side (the side of polymer 
fi lm contacted to gate insulator) morphology 
of the PCDTPT layer with MW = 300 and 
50 kDa are shown in Figure  2 C-F. The 
polymer fi bers are well aligned over long 
distances for both fi lms, but are slightly dif-
ferent for low MW and high MW materials. 
Clear fi ber structures are seen in the 50 kDa 

fi lm (Figure  2 D), but more bridging branches 
are observed between polymer fi bers in the 
300 kDa fi lm (Figure  2 C). These images 
indicate that shorter chain length polymers 
from low MW materials are easier to con-
fi ne and be aligned by the surface grooves.
Well-aligned and highly dense fi ber forma-
tion can be observed from the bottom-side 
of the fi lms (Figure  2 E-F), indicating that the 
polymer packing is strongly affected by the 

nano-grooves on the orienting surface. Polymer fi bers in the 
50 kDa fi lm are well-aligned in one direction, but within the 
300 kDa fi lm, some fi bers are oriented at slightly different 
angles. More importantly, the grain boundaries in 50 kDa mate-
rial disappear after polymer fi ber alignment, resulting in high 
carrier mobility. 

 The orientation of the fi lms cast on the nano-grooved sub-
strates was further investigated by transmission electron 
microscopy (TEM) using electron diffraction (ED); the data are 
presented in Figure S4. With the electron beam orthogonal to 
the fi lm (0 o  tilt angle, Figure S4A), the ED pattern consists of 
very sharp refl ections corresponding to the (010)  π–π  stacking of 
the crystalline lattice. The angular spread of the (010) refl ection 
in the plane of the fi lm indicates that all the polymer backbone 
axes of the polymer crystallites are oriented within ± 12° of the 
alignment axis. With the sample tilted 70° (Figure S4B), the ED 
pattern shows exceptional alignment as indicated by the very 
sharp refl ections corresponding to the alkyl side-chain packing 
(100) of the crystalline lattice. The ED results indicate the 
aligned polymer chains have an “edge-on” orientation relative 

Adv. Mater. 2014, 26, 2993–2998

 Scheme 1.    Molecular structure and regioregularity pattern of PCDTPT. The arrows are guides 
to the eye to highlight stereoregularity.

 Figure 1.    Mobility of PCDTPT OFETs after annealing at 200 °C. The mobility value and the value 
in parentheses represent mean and maximum values obtained from 10 independent OFETs. 
(A) Devices fabricated by drop casting. (B) Devices fabricated by slow drying in the tunnel-like 
confi guration. The horizontal lines in the box denote the 25th, 50th, and 75th percentile values. 
The error bars denote the 5th and 95th percentile values. The open square inside the box 
denotes the mean value. (C) and (D) FET characteristics of PCDTPT with mobility of 23.7 cm 2 /
Vs. (L = 80 µm, W = 1 mm): (C) transfer curves taken at V DS  = −80 V (D) output curves taken 
at various V G  (0∼−40 V).
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the scratched substrates. Overall, these results provide further 
evidence that the alignment of the polymer chains plays a cru-
cial role in enhancing the mobility. 

 Higher resolution AFM images 
(250 nm × 250 nm) of the topside mor-
phology of 300 kDa MW fi lm on nano-
grooved substrates are shown in  Figure    3  . 
The individual fi bers are clearly aligned 
within the fi ber bundles in the phase image 
in Figure  3 A. There is no evidence of any 
“grain boundaries” in the fi ber bundles, 
which is consistent with the high mobility 
observed. The width of individual fi ber is 
∼2–3 nm as shown by a cross-sectional AFM 
line cut surface profi le in Figure  3 B, and is 
comparable to the length of the repeat unit 
(∼2.4 nm, Figure  3 C). The only way for 
polymer chains to align is therefore along 
the fi bers. In addition, the mobility is higher 
along the fi ber and the optical absorption is 
anisotropic, [ 24 ]  consistent with our hypothesis 
that carriers transport along the conjugated 
polymer backbone. The dominant intrachain 

charge transport in high-mobility semiconducting polymer has 
also been recently proposed using optical characterization. [ 26 ]   

 The temperature-dependence of the mobility was investi-
gated for OFETs with MW of 50, 160, and 300 kDa materials 
aligned on nano-grooved substrates ( Figure    4  ). In all the cases, 
the mobility is thermally activated with an activation energy 
∼30 meV, as extracted in the temperature range from 85 K to 
180 K. The nonlinear behavior of the mobility near and above 
200 K could result from the bias stress [ 27 ]  or residual moisture 
in the fi lm. [ 28–30 ]  Note that the activation energy is low com-
pared to most other high-mobility polymers, [ 31–34 ]  implying 
that inter-chain carrier hopping is effi cient. The low activation 
energy is consistent with the observation that there are no grain 
boundaries from chain-to-chain or fi ber-to-fi ber. [ 21 ]   

 Grazing incidence wide-angle X-ray diffraction (GIWAXS) 
was performed to probe the polymer order for the different MW 
ranges. The data (see Figure S5 in Supporting Information) are 
collected by an area detector where azimuthal integrations are 
performed to produce line cuts. The line cuts for PCDTPT with 
MW of 30, 50, 80, 160, and 300 kDa are plotted as counts (inten-
sity) versus the scattering vector (q (nm −1 )) in  Figure    5  A. The 
two length scale regimes commonly investigated in conjugated 
polymer thin fi lms are from  q  ∼ 1–10 nm −1 , which corresponds 
to the lamellar side chain packing and backbone, and the  q  
range of ∼ 12–20 nm −1  describing the π–π stacking between 
ordered polymer segments. [ 35 ]  The positions of the peaks are 
the same for all the MWs, which means that the MW does not 
affect the fi nal structure that is formed; however the full width 
at half-maximum (FWHM) of the alkyl stacking peaks shows 
a MW dependence. The crystalline correlation length (CCL) of 
alkyl and  π-π  stacking were estimated by the Scherrer equation 
and the data are shown in Figure  5 B.  

 The CCL of alkyl stacking changes from 20 nm for 30 kDa 
to 11 nm for 300 kDa polymer fraction. On the other hand, 
the CCL of  π–π  stacking is ∼4 nm for all MWs. The independ-
ence on the MW of the CCL of  π–π  stacking, in combination 
with the MW-independent activation energy shown in Figure  4 , 
support the result that carrier transport is predominately along 
the backbone of the chain with occasional hoping through  π-π  
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 Figure 2.    AFM images of the PCDTPT topography by drop-casting 
on normal polished Si substrates (without orientation): (A) MW = 
300 kDa, and (B) MW = 30 kDa. AFM images of PCDTPT topside mor-
phology by slow-drying on nano-grooved substrates (with orientation): 
(C) MW = 300 kDa and (D) MW = 50 kDa. (E) and (F) show bottom-
side morphology with polymer orientation: (E) MW = 300 kDa and (F) 
MW = 50 kDa.

 Figure 3.    (A) High resolution AFM (250 nm × 250 nm) topside morphology phase image of 
PCDTPT 300 kDa OFET. (B) The cross-section profi le of the dashed line in (A). (C) Molecular 
structure and estimated size of PCDTPT. The length of one monomer is approximately 2.4 nm 
and the width (including the side chains) is approximately 1.5 nm.
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along the backbone. In this way, the mobility is insensitive to 
MW, and high mobility can be achieved after polymer align-
ment over long distances. 

 To summarize, the hole mobility, μ = 23.7 cm 2 /Vs, for trans-
port predominantly along the conjugated chain is demon-
strated with aligned PCDTPT (MW = 50 kDa). Studies of the 
MW dependence of the mobility of polymers with long-range 
alignment obtained by slow drying in the tunnel-like confi gura-
tion atop nano-grooved substrates indicate that very high MW 
is not necessary for achieving high mobility. The mobility has 
been dramatically improved (by about one order of magnitude) 
and shown to be insensitive to MW after polymer alignment. 
As a general strategy for continuing improvement of the car-
rier mobilities, polymer chain fi ber alignment facilitates carrier 
transport along the conjugated polymer backbone with occa-
sional hopping to neighboring chains through  π–π  stacking.   

 Experimental Section 
  PCDTPT Fractionation : The preparative Gel Permeation 

Chromatography (GPC) instrumentation was equipped with a Waters 
1525 binary HPLC pump, an Agilent Technologies PLGEL PREP 
column (10 µM, 10E5Å, 300×25MM, HMW, part # PL1210–6150) 
and two detectors (Waters 2414 Differential Refract Meter and Waters 
2998 Photodiode Array Detector). The eluent was chloroform with 0.25% 
(v/v) of triethylamine. The analytical GPC was equipped with a pump 
(Waters Alliance HPLC System, 2690 Separation Module), two columns 
(Agilent, PLGEL 5 µm, MIXED-D, 300×7.5 mm) and two detectors 
(Waters 2410 Differential Refract Meter and Waters 2998 Photodiode 
Array Detector). The eluent was chloroform with 0.25% (v/v) of 
triethylamine and at a fl ow rate of 1 mL/min. The molecular weight was 
calibrated against polystyrene standards. 

 The polymer was dissolved in chloroform with 0.25% (v/v) of 
triethylamine (2 mg/mL). Then the solution was injected into the 
preparative GPC and eluted at a fl ow rate of 10 mL/min. The fractions 
were collected every 10 seconds and their molecular weights were 
determined by the analytical GPC respectively. Then several fractions 
were combined according to their molecular weights. The combined 
solution was concentrated under reduced pressure and precipitated into 
methanol. The polymer was fi ltered off and dried under vacuum line. 

  Device Preparation : The nano-grooved substrates were introduced 
on the surface of SiO 2  gate dielectric layer by scratching the surface 
with diamond lapping fi lms (from Allied High Tech Products Inc.) with 
nanoparticle sizes of 100 nm. A home-made scratching machine is made 
for this purpose, shown in Figure S6 in SI. Firstly the diamond lapping 
fi lm is fi xed on the stage and the silicon wafer is fi xed on a moving 
holder facing the diamond fi lm. The moving holder then goes down on 
the wafer to contact the diamond fi lm; the pressure is adjusted to about 
0.1 kg/cm 2 . The holder can move forward and backward in one direction 
for total scratching distance ∼1.5 m to induce the parallel grooves on 
the substrate. During the scratching process deionized water is required 
between the wafer and diamond lapping fi lm to achieve uniform surface 
grooves with high density. Source/drain contacts (50 nm thick gold) 
were then deposited on top of the resulting nano-grooved SiO 2 . Bottom 
gate, bottom contact fi eld effect transistors with the architecture “Si 
(500 µm) / SiO 2  (300 nm)/Au (50 nm)/decyltricholosilane/copolymer” 
were fabricated by slow drying in the tunnel-like confi guration with 
a tilt angle 13° on nano-grooved substrates. Additional transistors 
with same architecture by drop casting on normal substrates (without 
surface grooves) were made for comparison. The solution concentration 
is 0.25 mg/mL. The channel length was 80 µm with channel width of 
1 mm. Average data were calculated from analysis of 10 independent 
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 Figure 4.    Temperature-dependent mobility for the OFETs with MW of 50, 
160, and 300 kDa.

 Figure 5.    (A) Grazing wide-angle X-ray scattering line profi les of PCDTPT 
fi lms formed by drop casting. (B) Estimated crystallite correlation length 
of alkyl and  π-π  stacking.
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devices. Pre-patterned substrates (Si/SiO 2 /Au) were fi rst cleaned by 
ultra-sonication in acetone for 3 minutes and isopropanol 3 minutes, and 
then dried in an oven (in air) at 120 °C for 10 minutes. The samples were 
then surface-activated with acid hydrolysis, and dried again in the oven 
under the same conditions. After treatment by UVO 3  for 15 minutes, 
the substrates were passivated by decyltricholosilane from 1 vol.% 
toluene solution at 80 °C for 25 minutes. After rinsing the substrate with 
toluene and drying under nitrogen fl ow, the polymer semiconductors 
were cast onto the substrate. The samples were annealed at 200 °C for 
8 min before measurement. All fi lm deposition, annealing, and current-
voltage characterization were done under a nitrogen atmosphere. The 
capacitances are 10 and 11.5 nF/cm 2  for normal and nano-grooved 
substrates. 

  Device Characterization : Field effect mobilities were obtained in the 
saturation region of transistor operation by using the equation,  I  DS  = 
( W /2 L )  C i   μ ( V  GS – V  th ) 2 , where W/L is the channel width/length,  C i   
is the gate dielectric layer capacitance per unit area, and  V  GS  and  V  th  
are the gate voltage and threshold voltage. The I-V characterization 
at temperatures from 80 K to 300 K was performed with a Lakeshore 
vacuum probe-station under a vacuum of <10 −6  mbar using a Keithley 
4200 semiconductor parametric analyzer. The devices were heated 
at 400 K in vacuum for 7 hours prior to the temperature-dependent 
measurements. Mobilities were calculated in the saturation regime at 
|V G −V T | = 15 V and V D  = −90 V for all temperatures. Tapping mode AFM 
images were obtained using an Asylum MFP-3D Standard System at 
room temperature to study the topography of the nano-grooved surface 
and the polymer thin fi lm. High resolution AFM was performed using a 
Bruker Multimode AFM system under nitrogen atmosphere. Polarized 
UV-Vis absorption spectra were recorded at room temperature on a 
PerkinElmer (Lambda 750) spectrophotometer, with the incident light 
polarized along a certain direction by a broadband thin fi lm polarizer 
(Melles Griot). The samples for the polarized absorption were prepared 
on nano-grooved glass substrates with same process used for the device 
fabrication. Grazing incidence wide angle X-ray scattering (GIWAXS) 
measurements were performed at beamline 11–3 at the Stanford 
Synchrotron Radiation Lightsource (SSRL) with an X-ray wavelength 
of 0.9752 Å, at a 400 mm sample to detector distance. Samples were 
scanned for 90 s in a He environment at an incident angle of 0.12°. The 
measurements were calibrated using a LaB6 standard. The crystalline 
correlation length (CCL) of alkyl and  π-π  stacking were estimated by the 
Scherrer equation below:

 

π=CCL
2

FWHM   
(1)
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