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  1.     Introduction 

 Extensive research has been carried out on the practical appli-
cations of organic electronics, such as organic light-emitting 
diodes (OLEDs), [ 1,2 ]  organic thin-fi lm transistors (OTFTs), [ 3–5 ]  
and organic photovoltaics (OPVs), [ 6,7 ]  due to their outstanding 
advantages compared to standard inorganic technologies. [ 8,9 ]  
The performance of organic devices has been enhanced dra-
matically by the research efforts ranging from molecular design 
to device-fabrication methods, [ 10–14 ]  some of which have already 
been commercialized in current electrical appliances. New 
functionalities that can be introduced to organic devices, such 
as fl exibility, [ 15–17 ]  wearability, [ 18 ]  and patchability, [ 19 ]  are also 
receiving much attention for further applications. 

 Fabrication techniques for organic devices, including fl exible, 
wearable, or patchable devices, have advanced rapidly, but they 
are normally fabricated on fl at substrates. Electrode layers in 
organic devices are mostly deposited by a thermal evaporation 

process though a rigid shadow mask, and 
the conventional shadow masking process 
hinders the production of uniform elec-
trode layers on complex-structured sub-
strates such as bottle-shaped substrates. 
In case of soft materials for alternative 
shadow masks, such as polymers and 
adhesive tapes, there has been trouble 
with realizing minute patterns on shadow 
masks, which are necessary for fabricating 
integrated devices as well. [ 20–23 ]  Thus, a 
fresh technique is required to fabricate 
organic devices on complex-structured 
substrates for further applications, such as 
highly integrated devices with small area, 
or smart glasses with high curvature. [ 24,25 ]  

 We present a novel fabrication tech-
nique for integrated organic devices on 

complex-structured substrates. For this work, we have used 
free-standing polymeric stencils as shadow masks with high 
fl exibility and adhesive properties, which enable conformal 
contact with various materials such as glass, silicon (Si), and 
poly mer. [ 26–30 ]  This technique based on soft lithography facili-
tates the patterning of polymeric stencils on the scale of a 
few µm ranges, and also can be easily utilized to fabricate 
free-standing shadow masks not only for thermal evaporation 
but also for solution-based deposition methods, such as spin-
coating and drop-casting. [ 31–34 ]  We demonstrate direct fabrica-
tion processes of integrated OTFTs on a cylindrical glass bottle 
in addition to a fl at Si wafer using this technique. The results 
strongly suggest potential for the development of various inte-
grated organic devices on complex-structured substrates which 
can lead to their new applications.   

 2.     Results and Discussion 

 The free-standing polymeric stencils used in this work were 
prepared as schematically illustrated in  Figure    1  . An ultra-violet 
(UV) curable polyurethaneacrylate (PUA) mixture was drop-dis-
pensed onto a master-pattern of polydimethylsiloxane (PDMS) 
mold, and then covered with another fl at PDMS mold. [ 35 ]  Due 
to the properties of conformal contact between the two PDMS 
molds and the high UV transparency of PDMS, a PUA rep-
lica with the stencil-pattern (i.e., negative empty space of the 
master-pattern, as illustrated in Figure  1 ) could be easily pre-
pared after the UV curing and peeling off the PDMS molds (see 
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was coated only along the side walls and bottom of the PUA 
stencil-pattern (Figure  3 a). This result indicates that the PUA 
mask and the substrate tightly stick to each other without any 
external forces applied, and form conformal contact between 

Experimental Section). To avoid deformations of the master-
pattern of the PDMS mold such as pairing and sagging in this 
procedure, the aspect ratio (i.e., the ratio of the height to the 
width) of the master-pattern should be in the range between 
0.2 and 2. [ 31,36 ]  In addition, the height of the mater-pattern is 
critical in fabrication of the stencil-pattern, because the absence 
of residual PUA layer within the contact area of the two PDMS 
molds is necessary for the stencil-pattern. Thus, there are dif-
fi culties in realizing the PUA replica with the stencil-pattern 
on a sub-micrometer scale without applying high pressure 
(>2 MPa). This PUA replica with the stencil-pattern can be 
used as a free-standing shadow mask with high fl exibility and 
adhesive properties as shown in  Figure    2  , and its stencil-pattern 
is easily tunable within a few µm by the master-pattern of the 
PDMS mold (Figure  2 d). Note that the properties of the PUA 
replica which can be soft or hard are controllable by modu-
lating the materials contained in the PUA mixture. [ 35 ]  Since a 
soft PUA replica with high fl exibility and adhesive properties 
ensures conformal contact with complex-structured substrates, 
only the soft PUA material was used in this work. It has been 
well-known that the soft PUA material has a tensile modulus 
of ≈19.8 MPa, and elongation at break of 45%. [ 35 ]  Remaining 
unsaturated acrylate in the soft PUA material after the UV 
curing provides adhesive properties in addition to such high 
fl exibility. [ 37 ]    

 To investigate the properties of the contact between the 
free-standing polymeric stencil and the substrate, 5 wt% 
of poly(methylmethacrylate) (PMMA) in toluene was spin-
coated onto the PUA mask with the stencil-pattern in contact 
with the Si wafer. Each motif of the PUA stencil-pattern was 
a square shape with a length and width of 1500 µm, and a 
thickness of 100 µm. After peeling off the PUA mask from 
the substrate, the spin-coated PMMA layer was examined by 
scanning electron microscopy (SEM), as shown in  Figure    3  . 
Since the PMMA solution cannot penetrate into the contact 
region between the PUA mask and the substrate, the PMMA 

   Figure 1.    Schematic illustration of preparation and use of a free-standing PUA mask. Since a drop-dispensed UV curable PUA mixture fi lls the empty 
space between the two PDMS molds, a free-standing PUA replica with a stencil-pattern is easily prepared after UV curing, which can be utilized as a 
shadow mask for various fi lm-deposition methods, such as thermal evaporation. 

   Figure 2.    a) Photo image of the free-standing PUA mask with the stencil-
pattern (10 cm × 10 cm), which was prepared as illustrated in Figure  1 . 
b) Photo image of the free-standing PUA mask attached to the complex-
structured substrate, which shows high fl exibility and adhesive properties. 
c) Photo image of the Au electrodes on the complex-structured substrate 
deposited by thermal evaporation through the free-standing PUA masks. 
d) SEM image of the deposited Au electrodes on the Si wafer prepared 
as illustrated in Figure  1 . Spacing between the electrodes is tunable cor-
responding to the master-pattern of PDMS mold within a few µm ranges. 
The distance between the two electrodes in (d) is 10 µm, and the scale 
bar represents 100 µm. 
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PUA material used in this work shows only small effect of 
solvent swelling when a cured PUA replica was immersed 
in pure ethanol for 3 h. [ 35 ]  In addition, when the spin-coated 
PMMA pattern was thermally annealed at a higher tempera-
ture (≈180 °C) than the glass transition temperature of PMMA 
(≈105 °C), the side walls of the spin-coated PMMA pattern 
were collapsed and fl attened with a thickness of 400–500 nm. 
The fl attened PMMA pattern by the thermal treatment basi-
cally conforms to the shape of the original PUA stencil-pat-
tern (Figure  3 b), which indicates that the free-standing PUA 
mask can play a role in fabricating a desired pattern via spin-
coating. Figure  3 c shows an exemplary PMMA pattern fabri-
cated using the free-standing PUA mask. The radius of each 
motif was 25 µm, and the uniform pattern of PMMA was 
easily achieved on a relatively large area (3 cm × 3 cm) by 
one-step spin-coating.  

  Figure    4   shows a demonstration of fabricating the OTFT on 
the Si wafer using the free-standing PUA masks. The OTFT 
was constructed with a bottom-gate confi guration using alu-
minum (Al) and gold (Au) electrodes and a pentacene active 
layer, as illustrated in Figure  4 a. The channel length and width 
between the Au source and drain electrodes were 100 µm 

them. Due to a relatively short time of the spin-coating pro-
cess (30 s) and no penetration of the PMMA solution into 
the contact region, any effect of solvent swelling was not 
observed in this procedure. It is worth noting that the soft 

   Figure 4.    a) Schematic illustration of the OTFT structure constructed 
with a bottom-gate confi guration. b) Photo image of ninety-one exem-
plary OTFTs simultaneously integrated on a four-inch Si wafer. c) Transfer 
characteristics of the OTFT fabricated on the Si wafer in log scale (indi-
cated by fi lled red circles) and in square-root scale (indicated by unfi lled 
black squares). Measurement was performed at a fi xed source-drain 
voltage of –60 V. d) Output characteristics of the same device. 

   Figure 3.    a) SEM image of the PMMA layer which was spin-coated onto 
the PUA mask with the stencil-pattern in contact with the Si wafer. Each 
motif of the PUA stencil-pattern was a square shape with a length and 
width of 1500 µm, and a thickness of 100 µm. PMMA is coated only along 
the side walls and bottom of the stencil-pattern, because the PMMA solu-
tion cannot penetrate into the contact region between the PUA mask 
and substrate. The scale bar represents 300 µm. b) SEM image of the 
spin-coated PMMA layer after thermal annealing. When the spin-coated 
PMMA pattern is thermally annealed at a higher temperature (≈180 °C) 
than the glass transition temperature of PMMA (≈105 °C), the side walls 
of the PMMA pattern are collapsed and fl attened with an average thick-
ness of 400–500 nm. c) SEM image of an exemplary PMMA pattern pre-
pared by one-step spin-coating. The radius of each motif was 25 µm, and 
a uniform pattern of PMMA was easily achieved on a relatively large area 
(3 cm × 3 cm). 
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 3.     Conclusions 

 We have introduced a novel fabrication process for OTFTs inte-
grated on a complex-structured substrate using free-standing 
polymeric masks with high fl exibility and adhesive properties. 
The free-standing polymeric mask is easily patterned and pre-
pared with a soft PUA mixture, and also enables conformal 
contact with various materials. Thus, the free-standing poly-
meric masks can be successfully used as shadow masks for 
various fi lm-deposition methods, such as thermal evaporation, 
spin-coating, and drop-casting. As such, the free-standing poly-
meric masks facilitate the fabrication of organic devices inte-
grated on complex-structured substrates, and shows promise 
as an easy process for large-area electronics. Based on this 
technique, a number of integrated OTFTs were simultaneously 
fabricated on a cylindrical glass bottle with a high curvature, as 
well as on a fl at Si wafer. We anticipate that these results will 
be applied to the development of various integrated organic 
devices on complex-structured substrates, which can lead to 
further applications.   

and 500 µm, respectively. For this demonstration, four PUA 
free-standing masks with different stencil-patterns were indi-
vidually used to deposit each component of the OTFT with 
proper shape and alignment, as indicated in Figure  4 a. The 
Al and Au electrodes and the pentacene layer were deposited 
by thermal evaporation through the PUA masks, and only 
the PMMA layer was spin-coated and thermally annealed 
(Figure  3 b). Figure  4  also shows the fi eld-effect transistor (FET) 
characteristics of the fabricated OTFT with gate modulation. 
An average hole mobility of ≈0.12 cm 2  V −1  s −1  in the saturation 
regime, an on-to-off current ratio of ≈3 × 10 3 , and a threshold 
voltage of ≈2.0 V were achieved. This fabrication technique 
can be easily applied to large-area electronics, because the 
free-standing PUA mask guarantees conformal contact regard-
less of the size of the substrate. Figure  4 b shows ninety-one 
exemplary OTFTs which were simultaneously integrated on 
a four-inch Si wafer. For this demonstration, each PUA free-
standing mask was aligned onto the Si wafer substrate before 
peeling off the PDMS mold with the master-pattern from the 
cured PUA mask. Since both PDMS and PUA materials are 
transparent, an accurate alignment of the mask onto the sub-
strate was easily achieved using an optical microscope. The 
dimension of each OTFT was 5 mm × 5 mm, and the center-
to-center distance between the OTFTs was 7 mm in both row 
and column directions.  

 After obtaining the FET characteristics on the fl at Si wafer, the 
integrated OTFTs were directly fabricated on a cylindrical glass 
bottle to examine the possibility of fabricating organic devices 
on complex-structured substrates using the free-standing PUA 
masks, as shown in  Figure    5  . Eighteen OTFTs in total were 
simultaneously fabricated on a cylindrical glass bottle with a 
radius of 12.5 mm and length of 62 mm, and each OTFT was 
constructed in the same confi guration as in Figure  4 a. Since a 
spin-coating process is not feasible for a highly curved substrate, 
the 1.5 wt% PMMA solution was drop-dispensed onto the pat-
terned PUA mask that was in contact with the bottle substrate 
and then thermally annealed at a higher temperature (≈180 °C) 
than the glass transition temperature of PMMA (≈105 °C) to 
prepare the insulating layers in the integrated OTFTs. In addi-
tion, to preserve the uniformity of the deposited Al and Au 
electrodes and the pentacene layers, the bottle substrate was 
rotated at 12 rpm during the whole thermal evaporation pro-
cesses. For an alignment of the mask onto the bottle substrate, 
an arbitrary selected row of the stencil pattern was aligned fi rst 
using an optical microscope. Then, careful attachment of the 
remaining part of the mask onto the substrate could lead to a 
simultaneous alignment of the mask, because the dimension 
(5 mm × 5 mm for each OTFT) and the center-to-center dis-
tance (7 mm between the OTFTs) were identical in each indi-
vidual PUA mask. Figure  5  also shows the typical FET char-
acteristics of the fabricated devices with gate modulation. An 
average hole mobility of ≈0.17 cm 2  V −1  s −1  (range 0.14–0.18 cm 2  
V −1  s −1 ) in the saturation regime, an on-to-off current ratio of 
≈10 4 , and a threshold voltage of ≈2.0 V were achieved. These 
results indicate that the free-standing PUA masks can be suc-
cessfully utilized for various fi lm-deposition methods such as 
thermal evaporation, spin-coating, and drop-casting, and also 
enable the fabrication of integrated organic devices directly on 
complex-structured substrates.    

   Figure 5.    a) Photo image of the deposited Al gate electrodes on the cylin-
drical bottle substrate using the free-standing PUA mask. b) Photo image 
of the OTFTs integrated on the cylindrical bottle substrate. Eighteen OTFTs 
in total were simultaneously constructed in the same confi guration as in 
Figure  4 a. The radius and length of the cylindrical bottle substrate were 
12.5 mm and 62.0 mm, respectively. c) Transfer characteristics of the 
OTFT fabricated on the cylindrical bottle substrate in log scale (indicated 
by fi lled red circles) and in square-root scale (indicated by unfi lled black 
squares). Measurement was performed at a fi xed source-drain voltage of 
–60 V. d) Output characteristics of the same device. 
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 4.     Experimental Section 
  Preparation of a Free-Standing PUA Mask : A UV curable PUA mixture 

synthesized in accordance with previous reports was drop-dispensed 
onto a master-pattern PDMS mold, [ 35,38 ]  and then covered with another 
fl at PDMS mold. To squeeze out the excess amount of the PUA mixture 
between the two PDMS molds, pressure was applied from one end of 
the fl at PDMS mold toward the other end using a roller. [ 39 ]  Due to the 
properties of conformal contact between the two PDMS molds, the 
two molds were easily brought into contact with each other after this 
sequential rolling, and the only empty space between them was fi lled 
with the PUA mixture. Then the PUA mixture was exposed to UV light 
( λ  ≈ 365 nm) for several minutes through the UV transparent PDMS 
molds. After the UV curing, the two PDMS molds were easily peeled off, 
and a free-standing PUA replica with the stencil-pattern (i.e., negative 
empty space of the master-pattern of PDMS mold) was prepared. 

  Fabrication of OTFTs on the Si Wafer : The overall structure of OTFTs 
used in this work had a bottom-gate confi guration (Al/PMMA/pentacene/
Au). Four PUA free-standing masks with different stencil-patterns were 
individually prepared to deposit each component of the OTFT with proper 
shape and alignment. In a vacuum chamber, the Al gate electrode (70 nm) 
was thermally deposited onto the Si wafer through the PUA mask, which 
was in contact with the substrate. After replacing the PUA mask, 5 wt% 
of PMMA in toluene was spin-coated onto the PUA mask in contact with 
the Al-coated substrate. To fl atten the PMMA layer after the spin-coating 
process, the sample was thermally annealed at ≈180 °C in a vacuum oven 
for 1 h. During the thermal annealing of the sample, the average thickness 
of the fl attened PMMA layer reached 400–500 nm. Then, the pentacene 
layer (70 nm) and the Au source and drain electrodes (70 nm) were 
thermally deposited onto the sample consecutively through the individual 
free-standing PUA masks. For an alignment of the PUA free-standing 
mask, each mask was aligned onto the Si wafer substrate before peeling off 
the PDMS mold with the master-pattern from the cured PUA mask. Since 
both PDMS mold and PUA mask are transparent, an accurate alignment 
of the mask onto the Si wafer was achieved using an optical microscope. 

  Fabrication of OTFTs on the Cylindrical Bottle Substrate : The preparation 
procedure of the OTFTs on the cylindrical bottle substrate is basically the 
same as on the Si wafer, except for the preparation of the insulating PMMA 
layer. Since the spin-coating process is not applicable to highly curved 
substrates, the 1.5 wt% PMMA solution was drop-dispensed (≈0.5 µL) 
onto the PUA mask in contact with the Al-coated cylindrical substrate, and 
then thermally annealed at ≈180 °C in a vacuum oven for 1 h. During the 
thermal annealing of the sample, the average thickness of the PMMA layer 
reached 500 nm. In addition, to preserve the uniformity of the thermally 
deposited layers, the bottle substrate was rotated at 12 rpm during the 
whole thermal evaporation process. For an alignment of the mask onto the 
cylindrical bottle substrate, an arbitrary selected row of the stencil pattern 
was aligned fi rst using an optical microscope. Then, a simultaneous 
alignment of the mask could be achieved by careful attachment of the 
remaining part of the mask onto the substrate, because the dimension and 
the center-to-center distance were identical in each individual PUA mask.  
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