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Now, the challenge lies in engineering 
processing techniques that could give 
rise to highly crystalline and homogenous 
semiconducting films potentially resulting 
in reproducibly high mobility devices.[4–6] 
To make organic electronics competitive 
with their inorganic counterparts and 
to promote a competitive market entry, 
such techniques must be simple, cheap, 
and compatible with upscaling and high 
throughput processes such as roll-to-roll. 
In the last few years, exciting advances 
have been achieved in this direction and 
OFETs fabricated utilizing different solu-
tion deposition techniques have been 
reported exhibiting impressive mobility 
values.[7–20] However, not all these tech-
niques are scalable and some of them 

require additional crystallization steps (i.e., vapor or tempera-
ture annealing processes). Importantly, most reported pro-
cessing techniques are not universal as they are often adapted 
for a particular organic semiconductor. Recently, we reported 
a solution-shearing technique, namely bar-assisted meniscus 
shearing (BAMS), of an organic semiconductor blend based on 
the small semiconducting molecule dibenzo-tetrathiafulvalene 
(DB-TTF) and the insulating polymer polystyrene (PS). This 
technique resulted in highly crystalline thin films that showed 
ideal OFET characteristics.[21,22] The question raised at this point 
was if the BAMS technique could be extended to other organic 
semiconductors. Here, we report on the fabrication of OFETs 
employing blends of four benchmark organic semiconductors 
with PS and we demonstrate that applying the same formula-
tion and experimental conditions for printing them, highly 
reproducible and uniform crystalline films exhibiting high 
OFET performance are successfully achieved. We note that the 
mobility values achieved here are not the highest reported for 
the studied materials, however, they are state-of-the-art values 
and could be regarded as exceptional considering the low cost 
and fast speed of the fabrication process involved here.

2. Results and Discussion

The organic semiconductors (OSCs) chosen for this study have 
been 6,13-bis(triisopropylsilylethinyl)pentacene (TIPS-PEN), 
2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene 
(diF-TES-ADT), 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothio-
phene (C8-BTBT), and dithiophene-tetrathiafulvalene (DT-
TTF) (Figure 1a). DT-TTF was synthesized in our laboratory 
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1. Introduction

The first report of an organic field-effect transistor (OFET) 
based on a small conjugated molecule was published over thirty 
years ago.[1] This discovery prompted investigations into the 
fundamental physical aspects of these devices employing evap-
orated semiconductors, such as pentacene and sexithiophene. 
However, in order to exploit these devices in real applications 
it was soon realized that high performing materials should 
be stable and soluble in order to be processed from low-cost 
solution techniques. This shifting perspective caused a huge 
boost in the synthesis of novel organic semiconductors. Nowa-
days, there is a vast library of known materials that have been 
employed as active components in OFETs, and some of them 
meet the desired requirements for low-cost applications.[2,3] 
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as previously reported[23] and the rest of semiconductors were 
used as received. All these materials belong to different fami-
lies of OSCs and have been reported to be excellent candidates 
for OFETs.[9,14,20,24,25]

The use of solution inks based on blends of OSCs and inert 
polymers has been shown to be a promising route to gain 
material processability and film homogeneity.[26,27] Solutions of 
the above-mentioned semiconductors with PS with molecular 
weight Mw = 10000 g mol−1 (PS10000) in a ratio 4:1 in 2 wt% 
in chlorobenzene were prepared. Thin crystalline films were 
printed by following the previously reported BAMS method-
ology.[21] Bottom gate bottom contact devices that consisted of 
Si/SiO2 substrates with patterned Cr/Au electrodes were used 
for TIPS-PEN, diF-TES-ADT, and DT-TTF. Bare gold electrodes 
and electrodes treated with a self-assembled monolayer (SAM) 
of pentafluorobenzenethiol (PFBT) were tested. The substrates 
were placed on the coating bed at 105 °C and a smooth bar was 
located 300 μm above the sample. About 20 μL of the blend 
solution heated at the same temperature as the bed coater were 
deposited between the substrate and the bar, and immediately 
after that, the bar was sheared at a speed of 1 cm s−1. In the 
case of C8-BTBT the same printing procedure was followed but 
the films were prepared on bare Si/SiO2 and top MoO3/Au con-
tacts evaporated through a shadow mask were fabricated. Such 
contacts ensure efficient charge injection into the material, 
which is otherwise more difficult to realize with gold electrodes 
due to the very low lying highest occupied molecular orbital 
level of this molecule (≈ −5.5 eV).[28] It should be highlighted 
that the complete experimental procedure, which is shown in 
Figure 1b, was carried out under ambient conditions. Notice 
that this process leads to the formation of dry films since the 
solvent is evaporated as soon as the bar is sheared. Similar 
films can be also obtained using solvents such as toluene or 
tetraline, although then the temperature is adjusted depending 
on the boiling point and vapor pressure of the solvent to guar-
antee the immediate evaporation of the solvent.

Previously, it was reported that the use of gold source and 
drain electrodes modified with the fluorinated PFBT SAM 
improved dramatically the crystallization of TIPS-PEN and diF-
TES-ADT in spin coated films.[10,29–31] It was observed that due 

to a contact-induced crystallization, crystals grew from the con-
tacts and extended 10 μm into the transistor channel. However, 
in thin films fabricated by plate-shearing at 1.5 mm s−1, PFBT 
SAMs disrupted the formation of spherulitic crystalline struc-
tures.[10] Thus, Niazi et al. concluded that strongly interacting 
contacts were not suitable for achieving the larger domains 
typically obtained by solution-shearing techniques. In contrast, 
in our shearing based technique we found that PFBT SAMs 
lead to more homogenous and interconnected crystallites in 
the TIPS-PEN and diF-TES-ADT films, which in turn results in 
higher mobility OFET devices (Figure S1, Supporting Informa-
tion). Remarkably, such crystalline domains extend along the 
whole channel (L is in the range 25–100 μm). This discrepancy 
with previous reported results can be attributed to the higher 
speed of our process (i.e., one order of magnitude faster) and 
maybe the less confinement of the solution when a bar is used 
instead of a plate. These factors might be responsible for the 
fact that the treated electrodes assist the materials crystalliza-
tion. On the other hand, the crystallization of DT-TTF films is 
not influenced by the treatment of the electrodes.

In Figure 2, the polarized optical microscopy images of 
the prepared films are shown, where clear uniform crystal-
line domains can be observed. TIPS-PEN, diF-TES-ADT, and 
C8-BTBT OSCs grow forming spherulitic films with no pref-
erential orientation relative to the shearing direction. On the 
contrary, DT-TTF films are formed by several millimeter long 
domains grown along the shearing direction. The film mor-
phologies and thicknesses were further characterized using 
atomic force microscopy (Figure S2, Supporting Information). 
The surface roughness of the films was estimated to be 3.3, 1.2, 
6.0, and 11.3 nm for TIPS-PEN, diF-TES-ADT, C8-BTBT, and 
DT-TTF films, respectively, pointing out the smoothness of the 
films. In addition, the total thickness of the blended films was 
estimated to be around ≈20 nm for TIPS-PEN and diF-TES-
ADT, while C8-BTBT and DT-TTF films were estimated to be 43 
and 13 nm, respectively.

In order to gain information about the crystallinity of the 
films, they were characterized by X-ray powder diffraction 
(Figure S3, Supporting Information). In all cases, clear sets of 
diffraction peaks were observed, indicative of their high degree 
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Figure 1.  a) Molecular structures of the organic semiconductors used. b) Schematic illustration of the BAMS coating technique together with the 
experimental conditions used.
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of crystallinity. The crystal patterns of TIPS-PEN and diF-
TES-ADT are in agreement with the previous triclinic phases 
reported for these materials, where the molecules adopt a 2D 
π-stack.[32–35] On the other hand, the crystal phase of C8-BTBT 
and DT-TTF correspond to their known monoclinic crystal 
structures in which molecules arrange in a herringbone con-
figuration.[25,36] The observation of only (00l) type reflections 
for all the studied OSCs suggests that the crystallites in the 
films are highly oriented with the ab plane parallel to the sub-
strate, which is the most favorable scenario for charge transport 
since corresponds to the plane where intermolecular electronic 
interactions exist. X-ray photoelectron spectroscopy measure-
ments were also performed to analyze the film chemical com-
position at the surface (Figure S4, Supporting Information). 
In all the thin films, the contents of Si (for TIPS-PEN) or S 
(for diF-TES-ADT, C8-BTBT, and DT-TTF) demonstrated the 
presence of the OSC at the top film surface. By analyzing the 
distribution of these elements at different film depths using 
time-of-flight secondary ion mass spectrometry (ToF-SIMS) it 
was verified that there is a vertical phase separation where an 
OSC layer is formed on top of a PS layer (Figure S5, Supporting 
Information).

The devices were electrically measured under ambient con-
ditions. Typical OFET transfer characteristics and mobility pro-
files of devices using PS blends of TIPS-PEN, diF-TES-ADT, 
C8-BTBT, and DT-TTF are illustrated in Figures 3 and 4, respec-
tively, while the output characteristics are shown in Figure S6 
(Supporting Information). In all cases, the mobility depend-
ence with the gate voltage is quite small, indicative of a pristine 
organic semiconductor/dielectric interface. The box chart of 

Figure 5 collects the mobility values of all the measured devices 
(notice that this statistical analysis has been performed using 
data from OFETs prepared on different areas of one film but 
also on different substrates, to ensure film homogeneity and 
device-to-device reproducibility). For TIPS-PEN, a very small 
hysteresis was observed between the forward and reverse VSD 
and VSG sweeps (in the output and transfer characteristics, 
respectively), again in agreement with a neat semiconductor/
dielectric interface. Furthermore, the measured devices exhib-
ited a high average and maximum field-effect mobility of μFE = 
1.6 and 2.1 cm2 V-1 s-1, respectively, as well as a low threshold 
voltage of about Vth = −0.9 V (average) extracted in the satura-
tion regime. A similar picture is found for diF-TES-ADT based 
devices, for which the average field-effect mobility found is of 
μFE = 1.3 cm2 V-1 s-1 and the maximum of 1.9 cm2 V-1 s-1. The 
average threshold voltage extracted is Vth = +0.8 V. Note that for 
both semiconductors devices turn on at a gate voltage near to 
0 V, and afterward the channel current is enhanced by 7 orders 
of magnitude (on/off ratio ≈107). Also, ideal output character-
istics showing no significant injection problems are observed 
(Figure S6, Supporting Information). In the case of C8-BTBT 
an average field-effect mobility of μFE = 0.26 cm2 V-1 s-1 was 
extracted in the saturation regime, while the maximum value 
was found to be 0.71 cm2 V-1 s-1. A couple of devices with 
outstanding mobility (μFE about 1.6 cm2 V-1 s-1) were meas-
ured; however, they were considered as outliers and thus 
they were not included in the data set for statistical calcula-
tions in Figure 5. An average threshold voltage of Vth = −29 V  
was found. This value is in agreement with other reported 
studies performed with this organic semiconductor.[37] Finally 
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Figure 2.  Optical polarized microscopy images of TIPS-PEN, diF-TES-ADT, C8-BTBT, and DT-TTF thin films. In the case of TIPS-PEN and diF-TES-ADT 
the electrodes are treated with a PFBT SAM. Scale bar: 30 and 100 μm for the upper and lower images, respectively.



fu
ll

 p
a
p
er

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1600090  (4 of 7) wileyonlinelibrary.com

DT-TTF based devices showed an average threshold voltage of 
Vth = +3.9 V. The average and maximum field-effect mobility 
measured were μFE = 0.10 and 0.13 cm2 V-1 s-1, respectively, 
which is as high as the mobilities reported for single crystals 
of this DT-TTF phase.[25] Devices based on these last two semi-
conductors showed an on/off ratio on the order 106–107. It 
should be highlighted here that only DT-TTF devices showed 
electrical anisotropy, giving mobilities of around one order of 
magnitude higher when the device channel length was parallel 
to the shearing direction than when it was perpendicular to it 
(see Figure S7 in the Supporting Information). The rest of the 
materials were fully isotropic.

As it can be seen in the box chart of Figure 5, there is not 
a large dispersion between the mobility values extracted for all 
devices of each semiconductor, which indicates there is a low 
device-to-device variation thanks to high uniformity of the films 
obtained with the BAMS fabrication process. Moreover, the 
mobility profiles in Figure 4 show low gate voltage dependence. 
Such field-independent device mobility is in agreement with a 
high crystalline quality of all the solution-processed semicon-
ducting films.

The mobility values achieved for the studied OSCs with 
BAMS technique are among the highest values reported for 
these materials. Table 1 collects the recent results reported for 
the fabrication of OFET devices based on TIPS-PEN, diF-TES-
ADT, C8-BTBT, and DT-TTF employing techniques compat-
ible with roll-to-roll. The experimental conditions including 

the velocity of the coating process are shown together with the 
OFET mobility reached. Most of the efforts on engineering 
high-performing OFET devices have been placed on TIPS-PEN 
and diF-TES-ADT. Both materials have been carefully inves-
tigated by the technique developed by Bao and co-workers 
consisting in the confinement of the OSC solution between 
a heated phenyltrichlorosilane SiO2 modified substrate and 
a top silicon wafer plate functionalized with a monolayer of 
octadecyltrichlorosilane.[38] The shearing plate drags the solu-
tion across the substrate keeping the bulk of the solution 
between the plate and the substrate with only the evaporation 
front exposed. With this methodology mobility values of up 
to 4.6 and 6.7 cm2 V-1 s-1 have been found for TIPS-PEN and 
diF-TES-ADT, respectively.[10,14] For TIPS-PEN, mobilities up to 
11 cm2 V-1 s-1 were also reported when plates with patterned 
micropillars were used, although in that case the resulting films 
were very anisotropic.[9] However, in all these works, the coating 
speed was at least half of the one used here, and typically, of 
one order of magnitude lower. Only in two cases these mate-
rials have been printed with processes of comparable speed as 
BAMS, but not only the mobility values achieved were lower 
but also either a long post-treatment step was required[7] or a 
semiconducting polymer was used as binder.[13] The C8-BTBT 
semiconductor has been extensively studied and excellent 
mobility values have been reported for this material, although 
in most of the cases it was processed by spin-coating based 
techniques and, furthermore, slow post-annealing processes 
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Figure 3.  Transfer characteristics in the saturation regime and extraction of field-effect mobility and threshold voltage of typical TIPS-PEN, diF-TES-ADT, 
C8-BTBT, and DT-TTF blended films prepared by BAMS. Closed symbols correspond to forward, while open symbols correspond to reverse sweeps 
of gate voltages.
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were often applied.[19,20,37,39] As reference, a few works have 
been included in Table 1 where printed C8-BTBT devices were 
reported, although the techniques used there are not readily 
scalable since they mainly consist of a crystallization process by 
drop casting.[17,18,40] Finally, high mobility films of DT-TTF were 
previously fabricated by zone-casting, a far too slow technique 
for applications.[41] Considering all the above facts, it is notice-
able that the OFET performances reported here can be regarded 
as state-of-the-art, especially taking into account the simplicity 
and low cost of the technique employed combined with the 
high speed of the process.

3. Conclusions

In summary, four benchmark organic semiconductors have 
been successfully printed employing a unique formulation and 
the bar-assisted meniscus shearing (BAMS) technique. Homog-
enous films exhibiting a high degree of crystallinity were realized 
applying a remarkably high coating speed and without any post-
treatment thanks to the combination of the BAMS technology 
with the blending of the organic semiconductors with polystyrene, 
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Figure 4.  Mobility profiles for saturation regime as a function of gate voltage for typical TIPS-PEN, diF-TES-ADT, C8-BTBT, and DT-TTF blended films.
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ADT, C8-BTBT, and DT-TTF devices extracted in the saturation regime. For 
each data set, the box includes all the data between the first and the third 
quartile, the line inside each box is the second quartile or the median, and 
the square represents the mean value. The extremes of the whiskers are 
the maxima and minima data found.
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which promotes processability and an enhanced crystallization of 
the semiconductor. Such films reveal very high and reproduc-
ible field-effect mobility values. The potential of implementing 
organic semiconducting molecules in real devices seems to be a 
close reality taking into account the excellent performance of the 
devices achieved and that they can be fabricated using a cheap, 
simple, and fast technique compatible with roll-to-roll processes.

4. Experimental Section
Sample Preparation: TIPS-PEN, diF-TES-ADT and both C8-BTBT and 

PS10000 were purchased from Ossila, Lumtec, and Sigma-Aldrich, 
respectively, and used without further purification. DT-TTF was synthesized 
in our laboratory following the previously reported procedure.[23] Solutions 
of these OSCs and PS10000 2 wt% in chlorobenzene were prepared by 
mixing solutions at a volume ratio of 4:1 OSC:PS. The substrates employed 
for solution coating consisted of Si/SiO2 (200 nm SiO2) from Si-Mat with 
photolithography patterned interdigitated electrodes of 4 nm of Cr and 
40 nm of gold, deposited by thermal evaporation. The channel lengths 
varied from 25 to 100 μm and channel width/length ratio was always 
set to 100. However, for C8-BTBT top contact devices that consisted of 
7 nm of MoO3 and 35 nm of gold were thermally evaporated through a 
shadow mask giving devices with channel lengths from 30 to 100 μm and 
channel width of 4 mm. Before the active-layer deposition, substrates 
were cleaned by high performance liquid chromatography quality 
acetone and isopropanol and then dried under nitrogen. When the gold 
surface was chemically modified, the substrates were first cleaned using 
ultraviolet ozone for 25 min and then immersing them in a 15 × 10−3 m 
solution of PFBT in isopropanol for 15 min. Finally, the substrates were 
rinsed with pure isopropanol. The OSC blend solutions were sheared 
with a home-designed bar coater in which a smooth cylindrical bar was 

positioned ≈300 μm above the substrates which was then sheared at 
speed of 1 cm s-1. The substrates were kept at 105 °C during the coating 
process. Note that all solution preparation and device processing steps 
were carried out under ambient conditions.

Device Characterization: Electrical measurements were performed 
using an Agilent B1500A semiconductor device analyzer connected to 
the samples with a Karl SÜSS probe station, at ambient conditions. The 
field-effect mobility in the saturation regime was extracted using the 
relationship

2
FE, sat

SD,sat

SG

2

L
WC

I
V

µ = ×
∂

∂













	 (1)

where C is the insulator capacitance per unit area, and W and L are the 
width and length of the channel, respectively.
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Table 1.  Comparison of reported results of TIPS-PEN, diF-TES-ADT, C8-BTBT, and DT-TTF based OFETs processed by roll-to-roll compatible tech-
niques, highlighting some of the experimental details as the coating speed (v), the use of post thermal treatments, the binder used (if any), and 
the maximum (max.) and average (av.) mobility values achieved. nr stands for not reported. Binders: PαMS (Poly(alpha-methylstyrene)), PS (Poly
styrene), PTAA (poly[bis(4-phenyl)-(2,4,6-trimethylphenyl)amine]).

OSC Experimental method details V[mms−1] Binder μ[cm2V−1s−1] Ref.

    av. max.  

TIPS-PEN Horitzontal dipping, post-treatment at 100 °C for 60 min 15 PαMS 0.15 0.22 [7]

 Shearing plate 8° tilt, substrate and plate chemically modified 90 °C 4 – 1.68 2.7 [8]

 Shearing plate 8° tilt, substrate and plate chemically modified, plate with patterned  

micropillars, 135 °C

0.6 – 8.1 11 [9]

 Shearing plate 8° tilt, substrate and plate chemically modified, 70 °C ≈1 PαMS nr 4.6 [10]

 BAMS 10 PS 1.6 2.1  

diF-TES-ADT Doctor Blade coating in a glovebox, drying, and post-treatment at 100 °C for 10 min and 

cooling to 65 °C

10–20 PTAA 0.68 1.6 [13]

 Shearing plate 8° tilt, substrate and plate chemically modified, 70 °C ≈1 PαMS nr 3.6 [10]

 Shearing plate 8° tilt, substrate and plate chemically modified, dual solvent, 100 °C 0.5 PS nr 6.7 [14]

 BAMS 10 PS 1.3 1.9  

C8-BTBT Single crystal growth by oriented crystallization on inclined substrate, solution dries  

for 5 h at 50 °C in vacuum

– – nr 5 [17]

 Drop casting on a patterned substrate with wettable and unwettable regions – – 0.53 nr [18]

 Drop casting on a patterned substrate with lyophilic and lyophobic regions – – 7.9 nr [40]

 BAMS 10 PS 0.26 1.6  

DT-TTF Zone-casting at 60 °C 0.03 – nr 0.17 [41]

 BAMS 10 PS 0.10 0.13
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