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 The high-precision deposition of highly crystalline organic semiconductors by 
inkjet printing is important for the production of printed organic transistors. 
Herein, a facile nonconventional lithographic patterning technique is devel-
oped for fabricating banks with microwell structures by inkjet printing solvent 
droplets onto a polymer layer, thereby locally dissolving the polymer to form 
microwells. The semiconductor ink is then inkjet-printed into the microwells. 
In addition to confi ning the inkjet-printed organic semiconductor droplets, the 
microwells provide a platform onto which organic semiconductor molecules 
crystallize during solvent evaporation. When printed onto the hydrophilic 
microwells, the inkjet-printed 6,13-bis(triisopropylsilylethynyl) pentacene 
(TIPS_PEN) molecules undergo self-organization to form highly ordered 
crystalline structures as a result of contact line pinning at the top corner of 
the bank and the outward hydrodynamic fl ow within the drying droplet. By 
contrast, small crystallites form with relatively poor molecular ordering in 
the hydrophobic microwells as a result of depinning of the contact line along 
the walls of the microwells. Because pinning in the hydrophilic microwells 
occurred at the top corner of the bank, treating the surfaces of the dielectric 
layer with a hydrophobic organic layer does not disturb the formation of the 
highly ordered TIPS_PEN crystals. Transistors fabricated on the hydrophilic 
microwells and the hydrophobic dielectric layer exhibit the best electrical 
properties, which is explained by the solvent evaporation and crystalliza-
tion characteristics of the organic semiconductor droplets in the microwell. 
These results indicate that this technique is suitable for patterning organic 
semi conductor deposits on large-area fl exible substrates for the direct-write 
fabrication of high-performance organic transistors. 
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  1. Introduction 

 Inkjet printing has received considerable 
attention in an effort to control the deposi-
tion of small amounts of organic semicon-
ductors and other functional materials. [  1  ,  2  ]  
Inkjet printing may be applicable to large-
area/high-throughput processes as well 
as fl exible substrates for the fabrication 
of fl exible electronics. Inkjet printing of 
soluble organic semiconductors has been 
intensively investigated, for example, 
for fabricating organic thin fi lm transis-
tors (OTFTs). [  3–5  ]  The surface energy of a 
substrate and the spreading and drying 
behavior of the ink critically affect the 
position and morphology of the resulting 
printed droplet, thereby infl uencing the 
electrical properties of an OTFT fabricated 
using printed semiconductor deposits. 
The pattern accuracy may be increased 
by steering the ink spreading using local 
patterns on the substrate surface. One 
approach involves prepatterning banks of 
insulator materials onto the substrate to 
concentrate the ink into defi ned areas. [  6  ,  7  ]  
Prepatterning processes, however, have 
unfortunately presented an obstacle to the 
production of large-area displays: prepat-
terning processes rely on conventional 
photolithographic techniques that are 
complicated and relatively costly. 

 This letter describes a technique for 

preparing surface patterns by inkjet printing organic solvent 
droplets onto an insulator fi lm to form microwells. This tech-
nique does not suffer from the disadvantages of photolitho-
graphic techniques. Small solvent droplets can locally etch 
away a thin polymer fi lm, and the resulting microwells have 
been used to produce interconnections between functional 
layers in organic transistor circuits. [  8  ]  Here, we demonstrate 
that inkjet-etched microwells can also be used to build prepat-
terned “banks” that can confi ne inkjet-deposited semiconductor 
droplets to facilitate the high-throughput fabrication of organic 
transistors. [  9  ,  10  ]  

 High-performance organic devices rely on the preparation 
of inkjet-printed organic semiconductor fi lms with uniform 
morphologies and desirable crystalline microstructures. [  11  ,  12  ]  
In recent years, the evaporation characteristics of inkjet-printed 
droplets on a fl at surface have been studied in an effort to 
control the morphologies and microstructures of the dried 
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     Figure  1 .     a) Optical microscopy (OM) images and b) height profi les of the inkjet-printed PVP 
microwells, as a function of the number of inkjet-printed ethanol drops. c) The depth and 
diameter of the PVP microwells increased with the number of ethanol drops. d) OM image of 
the microwells patterned by inkjet printing. e) Schematic diagram showing the formation of the 
crater-like inkjet etched microwell structures.  
deposits. [  13  ,  14  ]  The evaporation properties of the droplets depend 
on the ink composition, the surface properties of the substrate, 
and the environmental conditions. [  3  ,  15–20  ]  In a previous study, 
we demonstrated the infl uence of the hydrodynamic fl ows in 
a drying droplet on the crystalline microstructures of printed 
organic semiconductors using a mixed solvent. [  3  ]  The surface 
wettability of the dielectric substrate can also affect the mor-
phology and crystalline microstructure of an inkjet-printed 
organic semiconductor fi lm; [  20  ]  however, the evaporation prop-
erties of inkjet-deposited droplets on a confi ned bank, such as 
a microwell structure, have not been extensively explored, and 
the infl uence of a microwell structure on the self-organization 
characteristics of printed organic semiconductors warrants 
examination. 

 In this study, we propose a facile method for fabricating 
microwells to form a prepatterned bank by inkjet printing sol-
vents onto a thin polymer layer. The prepatterned bank was 
then used to prepare high-performance OTFTs. We systemati-
cally examined the evaporation properties of an organic semi-
conductor layer that had been inkjet-printed into the micro-
wells of a prepatterned surface prepared to have a precisely 
tuned surface wettability. Two types of polymer surfaces were 
used to tune the wettability of the microwell-patterned surface: 
poly(vinyl phenol) (PVP) and poly(4-methyl styrene) (P4MS). 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 5224–5231
6,13-Bis(triisopropylsilylethynyl) pentacene 
(TIPS_PEN) was used as an organic semi-
conductor ink because it is solution pro-
cessable and features effi cient  π -orbital 
overlap, yielding excellent charge transport 
characteristics. [  21–23  ]    

 2. Results and Discussion 

 Well-defi ned microwell patterns were fabri-
cated by depositing a small solvent drop onto 
the thin polymer fi lm by inkjet printing. [  24–26  ]  
The drops dissolved the polymer fi lm and 
then re-deposited the polymer upon solvent 
evaporation. As the droplet containing the 
dissolved polymer dried, the polymer mate-
rial was found to preferentially re-deposit at 
the contact line of the solvent drop (the edge 
of the sessile droplet). This resulted in a 
reduced polymer fi lm thickness at the center 
of the droplet and the formation of a ridge 
at the edge. Repeated deposition of a sol-
vent drop at a single position deepened the 
hole and increased the height of the ridge. 
Finally, a complete hole in the polymer layer 
remained, exposing the underlying substrate 
surface. The images in  Figure    1  a show holes 
with perfectly circular shapes formed by the 
sequential deposition of ethanol drops onto a 
PVP fi lm. The change in the fi lm thickness 
was apparent from the change in the inter-
ference color. The refl ected color in the hole 
regions changed as the number of deposited 
drops increased (1–7 drops), and the color did 
not change beyond a certain number of solvent droplet deposi-
tion steps (7–9 drops). These results suggested that the thick-
ness of the polymer layer at the bottom of the hole decreased 
as the number of solvent drops increased, eventually exposing 
the underlying substrate layer (SiO 2 /Si), which was insoluble. 
The measured height profi les revealed that after drying of the 
solvent droplets, most of the polymer was redistributed around 
the perimeter of the hole, producing a thick edge and leaving 
almost no polymer inside the microwell (Figure  1 b). Figure  1 c 
shows the depth and diameter of a microwell as a function 
of the number of ethanol drops. The diameter of the printed 
microwell was approximately proportional to the number of 
drops, and the depth of the microwell formed by more than 
7 drops of ethanol was found to be equal to the thickness of the 
polymer layer (350 nm). Energy dispersive spectroscopy (EDS) 
spectra, as shown in Supporting Information Figure S1, con-
fi rmed the absence of residual polymer molecules in the center 
region of the microwell. The patterned arrays of microwells 
on the substrate were prepared simply by depositing multiple 
solvent droplets in a regular manner (Figure  1 d). These results 
confi rmed that the inkjet technique is suitable for patterning 
arrays to prepare banks for use in printed circuits.  

 The mechanism underlying the formation of the micro-
wells using the solvent drops differed from the mechanism 
5225wileyonlinelibrary.comheim
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   Table  1.     Contact angles (CA) and surface energies of the polymer micro-
wells (PVP, P4MS) and the dielectric layers prepared with different sur-
face treatments (Bare, HMDS). 

 Microwell material Dielectric layer

 PVP P4MS Bare HMDS

Water CA (deg) 60 92  < 5 70

Diiodomethane CA (deg) 27 31  < 5 49

Surface energy a)  [mJm  − 2 ] 50.3 44.6 287 b) 39.3

Tetralin CA [deg]  < 5 16  < 5 25

    a) The surface energies were determined from contact angle measurements per-
formed using distilled water and diiodomethane as probe liquids, by applying the 
geometric mean equation: (1  +  cos  θ )  γ  pl   =  2( γ  s  d  γ  pl  d ) 1/2   +  2( γ  s  d  γ  pl  d ) 1/2 , where  γ  s  and 
 γ  pl  are the surface energies of the dielectric layer and the probe liquid, respectively, 
and the superscripts d and p refer to the dispersion and polar components of the 
surface energy;  b) The data were derived from ref. [   32   ].   
underlying conventional wet etching processes. In the conven-
tional case, a bulk etchant will etch a material, which is then 
washed away by rinsing with a solvent. In the inkjet etching 
process, however, the polymer dissolved in a printed sol-
vent drop fi rst and then was subsequently transported by the 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
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     Figure  2 .     a,b) Polarized OM and c,d) SEM images of the TIPS-PEN deposited
onto the a,c,e) inkjet-patterned PVP microwells or the b,d,f) P4MS micro
sectional views of the SEM images. All images were obtained on the Bare-di
capillary fl ow induced inside the droplet from the center region 
to the edge. The polymer fi nally re-solidifi ed at the rim of the 
droplet. A ring-like deposit of solute formed during droplet 
drying via the “coffee-ring” effect. This effect results from con-
ditions that produce a maximal evaporation rate at the outer 
edges of the droplet while the solvent edge remains pinned at 
the three-phase contact line. Pinning of the contact line during 
drying preserves the fi xed contact diameter of the droplet such 
that the hydrodynamic fl ow of the solvent proceeds from the 
center of the droplet toward the contact line, thereby replen-
ishing the solvent lost due to evaporation. The outward hydro-
dynamic fl ow transports the suspended solute to the drop’s 
perimeter. The same mechanism governs the formation of a 
crater-like well structure (Figure  1 e). Repeated deposition of 
solvent at a position then dissolves the remaining polymer in 
that deposition location, and the polymer is then transported 
to the edge of the droplet. Ultimately, all materials are removed 
from the central region. 

 The surface properties of the substrate signifi cantly affected 
the evaporation properties of the inkjet-printed organic 
semiconductors and governed the fi nal morphology and 
microstructure of the fi lms. [  20  ]  We systematically examined 
the infl uence of the surface wettability of the prepatterned 
polymer microwells on the evaporation behavior of an inkjet-
bH & Co. KGaA, Weinh
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printed organic semiconductor. The sur-
face wettability of the microwell was tuned 
according to the composition of the polymer 
layer: PVP (to produce a hydrophilic bank) 
or P4MS (to produce a hydrophobic bank, 
 Table    1  ). The silicon oxide substrate surface 
was treated with UV-ozone plasma (Bare) or 
1,1,1,3,3,3-hexamethyldisilazane (HMDS). A 
tetralin solution containing dissolved TIPS_
PEN (1 wt%) was inkjet-printed onto the 
prepatterned polymer banks with different 
surface wettabilities. The morphologies of 
the inkjet-printed droplets of the TIPS_PEN 
deposited in the microwells are shown in 
 Figure    2  . In the case of the hydrophilic PVP 
microwell, TIPS_PEN crystals several tens 
of micrometers in diameter were observed 
with clear optical contrast (Figure  2 a). This 
result indicated that the crystals consisted 
of uniaxially ordered polymer molecules 
within the crystals. By contrast, the hydro-
phobic P4MS microwells preferentially 
induced the formation of small crystal-
lites at the edges of the microwell, whereas 
large crystals formed in the central region 
(Figure  2 b). The TIPS_PEN crystals in the 
microwells were further characterized by 
fi eld emission scanning electron microscopy 
(FESEM) imaging. Large crystals grew in the 
PVP microwells from the edges toward the 
center of the microwell. The cross-sectional 
view clearly shows that the crystals nucle-
ated at the top corner of the microwell. On 
the other hand, the top and cross-sectional 
views of the P4MS microwell showed that 
eim Adv. Funct. Mater. 2013, 23, 5224–5231
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     Figure  3 .     a) Out-of-plane XRD patterns ( θ -2 θ  mode). The inset of (a) shows magnifi ed plots 
of the (003) diffractions. b) Rocking curves for the (003) peak of the TIPS_PEN deposits pre-
pared in each type of microwell (PVP or P4MS) and for each type of surface treatment (Bare or 
HMDS). c–f) 2D GIXD patterns for the TIPS-PEN deposits grown in microwells with different 
surface treatments: c) PVP-Bare, d) PVP-HMDS, e) P4MS-Bare, f) P4MS-HMDS.  
small crystallites were deposited at the edges of the bottom 
surface inside the microwell.   

 The inner crystalline structures of the TIPS_PEN fi lms were 
examined by analyzing the XRD patterns, as shown in  Figure    3  a. 
A given quantity of a TIPS_PEN solution (20 drops) was inkjet-
printed into the microwells of diameter 400  μ m to compare the 
diffraction patterns as a function of the microwell surface wet-
tability. The diffraction spectra of these samples contained only 
(00 l ) refl ections (Figure  3 a) corresponding to a  c -axis of 16.8 
Å in the TIPS_PEN unit cell, which indicated that the TIPS_
PEN molecules were oriented such that the silyl groups were 
arranged on the substrate surface; however, the peak intensi-
ties observed from the TIPS_PEN crystals grown in the hydro-
phobic P4MS microwells were weaker than those obtained 
from the hydrophilic PVP microwells. Rocking curves on the 
(003) refl ections were obtained to measure the angular spread 
of the molecular orientations in the crystallites (Figure  3 b). The 
(003) peak was chosen because the background refl ection of 
the (003) diffraction was signifi cantly weaker than that of the 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 5224–5231
(001) diffraction. Each curve was normalized 
by the maximum value of the (003) peak. A 
small full-width at half-maximum (FWHM) 
value in the hydrophilic PVP microwells 
indicated that the TIPS_PEN crystals dis-
played a narrow distribution of molecular 
orientations. Regardless of whether the sub-
strate surface was treated with HMDS, the 
crystals exhibited a large lateral coherence 
length associated with the (00 l ) planes. These 
results confi rmed that the molecular orien-
tations of the TIPS_PEN crystals formed in 
the PVP microwell depended largely on the 
nucleation behavior at the top corner of the 
microwell, rather than on the substrate sur-
face conditions. By contrast, the molecular 
orientations of the TIPS_PEN crystals grown 
on surfaces without microwells depended 
largely on the surface energy of the substrate 
onto which the TIPS_PEN droplets were 
inkjet-printed. [  20  ]  In the hydrophobic P4MS 
microwells, however, the crystals displayed 
relatively broad distributions of the mole-
cular orientations.  

 The molecular orientations in the inkjet-
printed TIPS_PEN fi lms were further inves-
tigated by 2D-grazing incidence X-ray diffrac-
tion (GIXD). The TIPS_PEN deposit grown 
in the PVP microwell yielded a diffraction 
pattern with many refl ection spots in the 
direction of  q z   (out-of-plane) at a given  q xy   
(in-plane), indicating that the TIPS_PEN fi lm 
crystals were well-ordered in both the vertical 
and lateral directions (Figure  3 c,d); [  27  ]  how-
ever, the diffraction patterns for the crystals 
grown in the P4MS microwells contained 
both (00 l ) refl ections, corresponding to a 
c-axis of 16.8 Å in the TIPS_PEN unit cell, 
and an intense (011) peak along the  q z   axis 
(Figure  3 e,f). [  22  ,  23  ]  This result suggested the 
existence of an unfavorable orientation among the TIPS_PEN 
molecules in the fi lm state in which the pentacene ring of the 
TIPS_PEN molecule was stacked along a direction perpen-
dicular to the surface. The angular spread of the (00 l ) refl ec-
tions from crystals grown in the P4MS microwells was much 
larger than that observed in the refl ections obtained from crys-
tals grown in the PVP microwells. These results suggested 
that highly ordered TIPS_PEN crystals could be produced by 
inkjet printing via control over the surface wettability of the 
microwells. 

 Insight into the self-organization process by which the 
inkjet-printed TIPS_PEN droplets formed crystals in the micro-
wells prepared with different surface wettabilities was sought 
by investigating the evaporation properties of the drying drop-
lets. To this end, top view images of the drying process were 
recorded using a CCD camera.  Figure    4  a shows the morpho-
logical evolution of the inkjet-printed TIPS_PEN droplets in 
a hydrophilic PVP bank. Droplet evaporation proceeded in 
three distinct stages (see Figure  4 b). During the initial stage, 
5227wileyonlinelibrary.comeim
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     Figure  4 .     In situ time-resolved OM images of an evaporating TIPS_PEN droplet in each type of 
microwell, obtained from the vertical CCD camera: a) PVP and c) P4MS. Schematic diagrams 
of the TIPS-PEN droplet evaporation process for droplets that had been inkjet-printed into each 
type of microwell: b) PVP and d) P4MS.  
the meniscus remained pinned at the top corner of the circular 
droplet perimeter; thus, the shape of the meniscus changed 
from a convex to a concave structure during prolonged solvent 
evaporation. As a result, the contact angle (measured by fi nding 
the line tangent to the intersection of the droplet with the sur-
face) decreased. [  28  ]  During the second stage, nucleation of the 
TIPS_PEN crystals occurred at the top corner of the microwell 
wall, that is, the pinned contact line. Finally, the TIPS_PEN 
molecules self-assembled under the hydrodynamic fl ow, and 
the crystals aligned along a line formed from the top corner 
to the center of the microwell. In a previous report, we dem-
onstrated that these observations may be explained in terms 
of a “drying-mediated self-assembly” process resulting from 
the outward hydrodynamic fl ows toward the pinned contact 
line. [  20  ]  The outward hydrodynamic fl ow resulting from con-
tact line pinning transported the TIPS_PEN molecules from 
the center to the periphery of the droplet so that the concentra-
tion of TIPS_PEN at the contact line was higher than that in 
the interior region. Because the critical concentration required 
for nucleation was reached predominantly at the contact line 
rather than in the central region, nucleation preferentially 
occurred near the pinned contact line. The molecules sup-
plied by the outward fl ow self-assembled from the nucleation 
site to the internal region of the droplet via intermolecular  π – π  
interactions. Thus, highly crystalline TIPS_PEN crystals with 
preferential molecular orientations were obtained through con-
trolled solvent evaporation in the hydrophilic PVP microwell 
(Figure  3 ).  
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
 In the hydrophobic P4MS microwell, the 
droplet meniscus in the P4MS bank was 
not pinned at the top of the well. Instead, 
the droplet edge moved downward during 
solvent evaporation (Figure  4 c,d). [  29  ,  30  ]  The 
continuous retraction of the droplet contact 
line in the hydrophobic wall prevented the 
establishment of an outward hydrodynamic 
fl ow in the drying droplet. Thus, the critical 
concentration needed to trigger crystal nucle-
ation and growth was not reached. As drying 
proceeded, the molecules in the droplets con-
densed and small crystallites formed near the 
edges of the bottom substrate. [  31  ]  We there-
fore surmised that the contact line receded 
rapidly during the initial stages, and the 
TIPS_PEN crystals that formed in the hydro-
phobic microwells assumed unfavorable ori-
entations, as confi rmed by 2D-GIXD meas-
urements (Figure  3 e,f). The concentration of 
the TIPS_PEN in the droplet increased with 
the ink viscosity. The contact line could be 
pinned at the edge of the bottom substrate 
inside the microwell. This in turn allowed 
TIPS_PEN to crystallize in the center region; 
however, the sizes of the crystals in the 
P4MS microwells were not as large as those 
obtained in the PVP microwells because the 
high viscosity prohibited effi cient transport 
and stacking of the TIPS_PEN molecules. 

 The relationship between the morphology, 

fi lm structure, and electrical performance of these deposits 
in the context of inkjet-printed organic transistors was exam-
ined by fabricating closed-ring devices. Prior to patterning the 
source/drain electrodes, the gate dielectric layers were modi-
fi ed by UV-ozone treatment (Bare) and HMDS. Microwells 
(PVP or P4MS) were selectively formed onto the prepatterned 
source/drain electrodes using the positioning system of the 
inkjet printer. Finally, a TIPS_PEN solution (10 droplets) was 
inkjet-printed into the microwell. Self-aligned TIPS_PEN crys-
tals with a highly ordered crystalline structure developed in the 
channel regions of the hydrophilic PVP microwell. Note that 
crystals nucleated at the top corner of the wall and grew by 
extending toward the center of the drain electrode ( Figure    5  a). 
Notably, because the morphology and crystallinity of the TIPS_
PEN deposit depended on the surface wettability of the bank 
rather than the surface wettability of the substrate, well-ordered 
TIPS_PEN crystals were successfully obtained on the hydro-
phobic HMDS-treated SiO 2 /Si substrate by using hydrophilic 
PVP microwells (Supporting Information, Figure S2). This 
result contrasts with results obtained from our previously fabri-
cated FET devices on hydrophobic substrates prepared without 
a bank, which exhibited a dewetted TIPS_PEN deposit in the 
channel region due to the surface energy differences between 
the hydrophobic channel region and the electrode (Supporting 
Information, Figure S3). Enhanced device performances (i.e., 
a high fi eld-effect mobility, a low threshold voltage, a low 
charge carrier trap density) are commonly reported from TFTs 
prepared on hydrophobic dielectric surfaces; therefore, the 
heim Adv. Funct. Mater. 2013, 23, 5224–5231
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     Figure  5 .     Polarized OM images of the TIPS-PEN devices prepared using each type of microwell: 
a) PVP and b) P4MS. The OM images obtained without polarized light are shown in the inset. 
The output and transfer characteristics of the devices prepared from the c,e) PVP microwell and 
d,f) P4MS microwell. In the output curves, V G  changed from 0 V to  − 40 V in increments of  − 10 V.  
successful deposition of a semiconducting layer on a hydro-
phobic substrate is important. In a hydrophobic P4MS micro-
well, on the other hand, the TIPS_PEN crystals were relatively 
small and the birefringence of the crystals was weaker than that 
of crystals prepared in the PVP microwells (Figure  5 b). Device 
performances were analyzed based on the output and transfer 
characteristics of the FETs prepared on surfaces submitted to 
different treatments. The electrical properties, including the 
average fi eld-effect mobilities, on-off current ratios, threshold 
voltages, and subthreshold slopes, are summarized in  Table    2  . 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

   Table  2.     Electrical properties of transistors prepared using inkjet-printed 
TIPS_PEN fi lms formed in each type of microwell-patterned bank. 

Dielectric Microwell Mobility 
[cm 2  V  − 1  s  − 1 ]

 I  on / I  off   Δ  V  th  [V] Subthreshold 
Swing 

[V/decade]

Bare PVP 0.02  ±  0.01 1  ×  10 6 13.7 1  ±  0.5

P4MS 0.009  ±  0.003 5  ×  10 4 7.2 3.9  ±  0.2

HMDS PVP 0.1  ±  0.03 5  ×  10 5 2.3 0.6  ±  0.3

P4MS 0.04  ±  0.005 5  ×  10 4  ∼ 0 3.5  ±  0.2
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Both the saturation currents and the average 
fi eld-effect mobilities for semiconducting 
layers prepared in the PVP microwells were 
twice the values obtained for semiconducting 
layers prepared in the P4MS microwells. 
This behavior arose from the highly crys-
talline TIPS_PEN crystals fabricated in the 
hydrophilic PVP microwells. The hydrophilic 
microwell induced preferential nucleation 
of the TIPS_PEN molecules at the top of 
the bank whereas the hydrodynamic fl ow 
induced cofacial stacking of the molecules 
with strong intermolecular  π – π  interactions. 
The TFTs prepared on the Bare-dielectric 
exhibited considerable hysteresis upon appli-
cation of a dual V G  swing, whereas the hys-
teresis of the devices based on the HMDS-
dielectric was greatly reduced (Figure  5 e,f). 
Other device parameters obtained from the 
HMDS-dielectric were much better than 
those obtained from the Bare-dielectric. Thus, 
appropriate passivation of the SiO 2  dielectric 
surface using a hydrophobic organic layer 
was indispensable for improving the perfor-
mances of OFET devices. Our study revealed 
that high-performance inkjet-printed transis-
tors may be obtained by the development of 
self-assembled organic semiconductor crys-
tals on hydrophobic dielectric surfaces using 
hydrophilic microwells.     

 3. Conclusions 

 In conclusion, we demonstrated a facile 
patterning technique for fabricating micro-
wells by inkjet printing solvent drops on a 
poly mer layer. Inkjet printing was then used to deposit organic 
semiconductor ink onto the prepatterned microwell banks to 
produce regular organic semiconductor deposits with a high 
accuracy. This technique is suitable for patterning organic 
semiconductor deposits on large-area fl exible substrates, which 
is an expensive and complicated process using conventional 
photolithography. 

 We studied the infl uence of the surface wettability of a 
microwell on the evaporation and crystallization characteris-
tics of inkjet-printed organic semiconductor droplets in the 
microwell. Inkjet-printed TIPS_PEN molecules self-organized 
to form highly ordered crystalline structures in the hydrophilic 
microwells as a result of contact line pinning at the top-corner 
of the microwell and the outward hydrodynamic fl ow within 
the drying droplet. By contrast, small crystallites with relatively 
poor molecular ordering formed in hydrophobic microwells 
because the contact line depinned along the wall of the micro-
wells. The electrical properties of the resulting transistors were 
compared. The best performances were obtained from semi-
conductor crystals grown in the hydrophilic microwells. These 
results were well supported by the evaporation and crystal-
lization characteristics of the organic semiconductor droplets 
5229wileyonlinelibrary.comheim
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in the microwell. The hydrophilic microwell yielded highly 
ordered TIPS_PEN crystals on a hydrophobic dielectric sur-
face, which should further increase the device performances.   

 4. Experimental Section  
 Materials : Poly(vinyl phenol) (PVP, Mw  =  20 kg/mol) and poly(4-

methyl styrene) (P4MS, Mw  =  122 kg/mol) were purchased from Aldrich 
Chemical Co. 6,13-Bis(triisopropylsilylethynyl) pentacene (TIPS_PEN) 
was synthesized according to the procedure reported by Anthony and 
coworkers. [  21  ]   

 Surface Modifi cation of the Dielectric Layer : The silicon wafers were 
cleaned in piranha solution (70 vol% H 2 SO 4   +  30 vol% H 2 O 2 ) for 
30 min at 100  ° C then washed with distilled water. A bare hydrophilic 
surface was obtained by applying UV-ozone treatment for 20 min. The 
compound 1,1,1,3,3,3-hexamethyldisilazane (HMDS) (Aldrich, 99.9%) 
was spin-coated (3000 rpm, 60 s) onto a cleaned substrate then baked at 
150  ° C for 1 h. After baking, the sample was cleaned by ultrasonication 
in toluene, rinsed thoroughly with ethanol, and dried under vacuum.  

 Inkjet Printing System : A home-built inkjet printer incorporating a 
piezoelectric inkjet head (Microfab Jet Drive III), a two-axis motorized 
positioning system, and a charge-coupled device (CCD) camera aligned 
with a light-emitting diode (LED) were used to visualize the droplet 
ejection during the fabrication of the polymer banks and during the 
deposition of the TIPS-PEN. Single droplets with volumes of about 
50 pL were ejected on demand from the nozzle, which had a diameter 
of 50  μ m. The vertical separation between the nozzle and the substrate 
was typically 0.5 mm. The substrate was maintained under ambient 
conditions (26  ° C, 30% humidity).  

 Microwell Formation by Inkjet Printing : Poly(melamine-co-
formaldehyde) (PMF) and divinylbenzene were used as the cross-linking 
agents for the PVP and P4MS, respectively. PVP and PMF (or P4MS 
(hydrophobic material) and divinylbenzene) were dissolved in propylene 
glycol methyl ether acetate (PGMEA) to a concentration of 15 wt% (or 
in toluene to a concentration of 8 wt%), with a mole ratio of 1:1. The 
polymer fi lms were formed by spin-coating the prepared solutions at 
3000 rpm onto the surface-modifi ed Si wafers. The microwell structure 
of the polymer bank was fabricated by repeatedly inkjet printing ethanol 
(or toluene) droplets over a given position. This solvent was a good 
solvent for PVP (or P4MS) and completely removed the PVP (or P4MS) 
layer. Finally, the PVP (or P4MS) fi lm was cross-linked for 1 h at 180  ° C 
in a vacuum oven (or under UV irradiation in a vacuum chamber) to 
yield a fi lm that would be stable under the organic semiconductor inkjet 
printing process. The thickness of the cross-linked polymer fi lm was 
about 350 nm in both cases.  

 Inkjet Printing of TIPS-PEN : A 1 wt% TIPS_PEN solution in tetralin 
(Fluka) was inkjet-printed onto the pre-patterned polymer microwells. 
The evaporation properties of the TIPS_PEN droplet were investigated 
using a charge-coupled device (CCD) (0.06 s/frame) until the solutions 
that had been deposited in the microwells were completely dry.  

 Fabrication of the OTFTs : TFTs with bottom-contact structures were 
fabricated using heavily doped n-type Si wafers as gate electrodes 
and a 300 nm thick thermally oxidized SiO 2  layer (capacitance  =  
10.8 nF/cm 2 ) as the gate dielectric. Conventional photolithography was 
used to deposit gold source and drain (S/D) electrodes in a structured 
closed-ring layout. The channel length-to-width ( L/W ) ratios were 
30/300 ( μ m/ μ m). A 3-nm-thick titanium layer provided adhesion for 
the gold electrodes. Prior to depositing the TIPS_PEN solution by inkjet 
printing, the dielectric layer surfaces were modifi ed and the microwells 
were fabricated at the position of the S/D electrodes as described 
above.  

 Characterization : The morphologies of the microwells and the 
TIPS-PEN deposits were characterized by optical microscopy (Axioplan, 
Zeiss) and fi eld-emission scanning electron microscopy (Hitachi 
S-4800). The thicknesses and surface profi les of the polymer microwells 
were determined using an ellipsometer (M-200 V, H. A. Woollam) and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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