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Organic Thin-Film Transistors with Anodized Gate 
Dielectric Patterned by Self-Aligned Embossing on Flexible 
Substrates
An upscalable, self-aligned patterning technique for manufacturing high- 
performance, flexible organic thin-film transistors is presented. The struc-
tures are self-aligned using a single-step, multi-level hot embossing process. 
In combination with defect-free anodized aluminum oxide as a gate dielec-
tric, transistors on foil with channel lengths down to 5 μm are realized with 
high reproducibility. Resulting on-off ratios of 4 × 106 and mobilities as high 
as 0.5 cm2 V−1 s−1 are achieved, indicating a stable process with potential to 
large-area production with even much smaller structures.
1. Introduction

Thin-film transistors (TFTs), either with organic or inorganic 
semiconductor materials, have been proposed for various 
applications in large-area electronics on flexible substrates, for 
instance, active-matrix displays,[1–3] radio-frequency identifi-
cation (RFID) tags,[4] and sensor arrays.[5,6] Several challenges 
remain in the realization of high-performance TFTs on flexible 
polymeric substrates. To improve the drive current capacity of 
organic TFTs (OTFTs), generally characterized by low charge 
carrier mobilities (below 10 cm2 V−1 s−1), basic device physics 
commands to use small transistor channel lengths, which is 
challenging because of the need to form these reproducibly and 
with perfect alignment between the gate and the source/drain 
on dimensionally unstable plastic foils, and gate dielectrics with 
a high dielectric constant (high k), which need to be applicable 
on plastic substrates at low temperature. Regarding the latter, 
anodized aluminum (Al)[7,8] has been shown to be a promising 
dense, uniform, and high-k dielectric layer at low temperature, 
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with good adhesion to the underlying 
metal and applicable with cost-effective 
equipment. The current solution to 
increase the dimensional stability of flex-
ible substrates is to temporary bond them 
on a rigid carrier, called the foil-on-carrier 
(FOC) approach.[9] A further improve-
ment to overcome alignment errors on 
instable substrates is to use self-aligned 
patterning, such as self-aligned imprint 
lithography (SAIL)[10–12] or self-aligned 
printing[13,14] in which a multi-layer stack 
of functional layers is patterned in one 
single imprint step using a multi-level imprint stamp. For a 
TFT, the source/drain, gate, and gate dielectric geometries are 
casted in a multi-level stamp and transferred to the substrates 
via selective etching of a metal-insulator-metal (MIM) stack 
prepared on the foil. The potential of patterning ultrafine fea-
tures[15] makes this technology very attractive for TFT applica-
tions. In this study, we present a technology for self-aligned 
bottom-gate, bottom-contact organic TFTs (OTFTs) on flexible 
substrates having anodized aluminum oxide (Al2O3) gate dielec-
tric. The patterning process is realized by one-step, multi-level 
hot embossing (thermal imprinting) on a large-area, defect-free 
MIM stack instead of patterning the structures layer by layer 
with alignment. Such self-aligned embossing process starting 
from an uniform non-patterned stack allows the use anodized 
aluminum oxide as a dielectric since the non-patterned gate 
metal can function as the counter electrode in the anodization 
process. We demonstrate OTFT channel lengths down to 5 μm 
and a good electrical performance with high reproducibility. 
The results are promising in view of large-area production, 
potentially involving even much smaller structures.

2. Fabrication Processes of Self-Aligned OTFTs

Figure 1 is the schematic illustration of the self-aligned 
embossing patterning process that we developed for manufac-
turing bottom-gate, bottom-contact TFTs. Polyethylene naph-
thalate (PEN) foil is temporarily bonded to a rigid substrate via 
a roller laminator. SU-8 photoresist is spin-coated on top of the 
foil to reduce the surface roughness of polymeric substrate. 
Subsequently, the MIM stack is deposited onto the prepared 
FOC substrate. Taking into account the thermal stability of the 
PEN foil, the gate layer is deposited by sputtering 150 nm Al at 
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Figure 1.  Process flow of an OTFT fabricated by self-aligned embossing. 
a) Definition of the MIM stack and imprint resist. b) 3D geometry forma-
tion in the resist layer by hot embossing. c) First MIM stack patterning 
(gate patterning). d) Second MIM stack patterning (source/drain pat-
terning, source/drain self-aligned to gate/dielectric). e) Removal of 
residual resist and semiconductor inkjet printing.
low power in order to keep it at room temperature. Then the 
anodization is carried out in an experimental set up, according 
to Equation 1:

2Al + 3H2O → Al2O3 + 3H2 ↑ 	 (1)

In order to obtain 60 nm thick dense, uniform, barrier-type 
anodized Al2O3 layer as the gate dielectric, a solution with tar-
taric acid and ethylene glycol is prepared as the anodization 
electrolyte with the anodization voltage of 40 V. Subsequently, 
the source/drain layer is formed by sputtering 5 nm chromium 
10 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
(Cr) and 50 nm gold (Au) onto the anodized Al2O3 at low power. 
Hot embossing, rather than UV imprinting, is chosen as the 
patterning method, allowing wider range selections of mate-
rials. To that end, a layer of 335 nm mr-I7030R thermal imprint 
resist (purchased from Micro-resist Technology GmbH) is spin-
coated onto the MIM stack (Figure 1a). Figure 1b describes 
the embossing process: a multi-level stamp with embedded 
TFT structures of various channel width (W)/channel length 
(L) is prepared. Before embossing, the surface of the Ni stamp 
is treated with a monolayer of 1H,1H,2H,2H-perfluorooctyl-
trichlorosilane (PFDTS) to improve the releasing property of 
the stamp.[16] The stamp is then pressed into the resist layer 
on the MIM stack with a typical pressure of 4 × 106 Pa while 
the substrate is heated up to 160 °C. The embossing process 
lasts for 5 min and then both the stamp and the substrate are 
cooled down to 50 °C before the stamp is released from the 
substrate. Therefore, 3D structures are defined in the resist 
layer (Figure 1b). When the residual layer of the imprinted 
resist layer is anisotropically removed by O2 plasma reactive ion 
etching (RIE), the pattern is transferred to the MIM stack layer-
by-layer via a selective wet etching process using the residual 
resist as the etching mask. Among these steps, the Al and ano-
dized Al2O3 layers are simultaneously etched in an acid etchant 
that has a faster etch rate towards Al than towards Al2O3. This 
simultaneous etching leads to an under-etching of the Al layer, 
which allows proper isolation between gate and source/drain 
(Figure 1c). Figure 1d illustrates the second step of MIM stack 
patterning where RIE and wet etching are still the routes to 
pattern the source and drain electrodes. So far, the three-layer 
MIM structure has been patterned via one single embossing 
process with all the layers intrinsically aligned with respect to 
each other. Finally, the residual imprint resist is removed and 
self-assembled monolayers (SAMs) of pentafluorobenzenethiol 
(PFBT) as well as trichlorophenylsilane (TCPS) are deposited. 
Blends of 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS 
pentacene) and polystyrene are prepared in tetraline solution 
as the semiconductor ink and inkjet-printed to the top of TFTs 
when the substrate is heated up to 70 °C (Figure 1e).[17–20]

3. Results and Discussion

3.1. Metal-Insulator-Metal Stack Deposition

The self-aligned embossing based patterning technique requires 
the deposition of MIM stack before the patterning. This is com-
patible with the use of anodization to form a blanket layer of 
Al2O3 starting from a blanket layer of Al. According to previous 
results,[21] a high dielectric surface roughness would lower the 
carrier mobility in the organic semiconductor, hence affecting 
the OTFT’s performance. That is why a planarization layer is 
used on the FOC system. However, in such process described 
above, we observed that the stress created by the volume expan-
sion of Al during anodization[22] is prone to give rise to bubble-
shape defects as shown in Figure 2a. They may be caused by 
poor adhesion between metal and the planarization layer 
applied on the PEN foil substrate as well as by initial defects 
(pin-holes, particles, etc.) in the as-deposited metal layer. An 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1209–1214
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Figure 2.  a) Microscopy image of one of the defects generated in the Al anodization process. 
b) Microscopy image of the resist morphology on the MIM stack defining the TFT structures 
after imprinting. c) SEM image illustrating the clearly defined three-level resist morphology 
after embossing. d) Microscope image of the patterned TFT structure with 1.5 μm Al under 
etching on the structure edge.
optimized adhesion layer and process is described in Table 1, 
which gives an overview of measures that allow reducing or 
even eliminating delamination defects. On the one hand, it is 
obvious that a planarization layer is able to reduce the dielectric 
surface roughness by around 64% (root-mean-square (RMS) 
value from 11 nm down to 4 nm measured by atom force 
microscopy (AFM), Figure 3) when the Al thickness of 150 nm 
is unchanged. On the other hand, improved adhesion[23] by 
using SU-8 3005 photoresist instead of SU-8 2002 as planariza-
tion layer, including out gassing and soft etching steps before 
Al sputtering could prevent the generation of defects. This 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 1209–1214

Table 1.  Overview of the quality of the dielectric manufactured by different process steps.

Substrate Planarization layer Thickness of Al 
[nm]

Out gassing of SU-8 Sputter etch

SiO2 SU-8 2002 150 – –

SiO2 SU-8 2002 150 – –

FOC – 150 – –

FOC SU-8 2002 150 – –

FOC SU-8 3005 150 – –

FOC SU-8 3005 150 Yes –

FOC SU-8 3005 150 Yes Ye

FOC SU-8 3005 400 Yes

FOC SU-8 3005 400 Yes Ye

a)RMS value; b)Less defects than the sample of FOC with SU-8 3005 planarization layer but without out gassi
process is selected as the optimized one for 
our further manufacturing. It could also be 
observed that depositing thicker Al helps to 
eliminate defects, but results in rougher sur-
faces. Comparing to the solution of adding 
in a barrier layer between the polymer sub-
strates and metal layer reported elsewhere,[24] 
our approach is easier in processing and 
could avoid potential problems by bringing 
in one additional layer. Using this optimized 
process, a flat, defect-free and uniform die-
lectric layer with 0.5 nm thickness variation 
over 100 mm wafer area is obtained. See 
Figure S1 in the Supporting Information for 
more details.

3.2. Self-Aligned Embossing

The full MIM stack with embossed resist 
polymer is shown in Figure 2b (schematic 
illustration in Figure 1b). The gate and 
source/drain structures are clearly defined in 
the resist layers with a feature size of 5 μm 
on this example and the resist morphology is 
inspected by scanning electron microscopy 
(SEM), shown in Figure 2c. The height differ-
ence between different embossed resist layers 
is around 250 nm, indicating there is no 
filling issue regarding the flow of resist in the stamp. The TFT 
structures are then successfully transferred to the MIM stack by 
selective etching and no cross-etching or delamination phenom-
enon is observed (Figure 2d), leading to the well-aligned source/
drain fingers above the gate area. Since the wet etching process 
is crucial towards the MIM stack, which is exposed to various 
etchants in multiple cycles, our result shows a chemically and 
mechanically reliable MIM stack. We thus demonstrate the self-
alignment of gate/dielectric and source/drain patterns using a 
single rigid multi-level imprint step without employing align-
ment marks, ensuring the relative position between gate and 
1211wileyonlinelibrary.comheim
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Figure 3.  Dielectric surface roughness. a) Sample without planarization 
layer. b) Sample with SU-8 3005 planarization layer. Unit in the color 
scale bar: nm.

Figure 4.  a) Microscopy image (polarized light) of a finalized OTFT  
(W = 1000 μm, L = 5 μm) with inkjet-printed TIPS pentacene. b) Transfer 
characteristic curves of four OTFTs (W = 1000 μm, L = 5 μm). Output 
characteristic curves of a OTFT (W = 1000 μm, L = 5 μm).
source/drain can hardly change despite the substrate waviness 
and further processing steps. Moreover, there is about 1.5 μm 
under etching distance in the Al layer underneath the Al2O3 is 
achieved in Figure 2d. Some line edge roughness of the over 
etched Al can be observed, but it is insignificant comparing 
to the channel length, which allows us to apply this technique 
with smaller features in the future.

3.3. Devices Characterization

To finalize the TFT testing structure (Figure 1e, Figure 4a), 
vias are etched in the Al2O3 layer by boron trichloride RIE in 
the contact pads area. Connections between devices and con-
tact pads are deposited and patterned by lift-off process of 
5 nm thick Ti and 100 nm thick Au. Only coarse alignment is 
required for these interconnect lines. Finally, the organic semi-
conductor material, blends of TIPS pentacene and polystyrene, 
is inkjet printed on top of the structure, whereby care is taken 
that the surface wetted by the drops is in good agreement with 
the gate size to prevent the overflowing of semiconductor to the 
substrate, which would result in a leakage path between source/
drain and gate.

The electrical characterization of the OTFTs is performed in 
an argon atmosphere. The voltage between source and drain is 
set to –1 V for the linear region and to –10 V for the satura-
tion region, followed by sweeping the gate voltage from +10 V 
to –10 V in bi-direction scan mode. The transfer and output 
characteristic curves of four OTFTs (W = 1000 μm, L = 5 μm) 
are shown in Figure 4b,c. The close-to-zero switch-on voltage 
and steep sub-threshold slope are obtained. The average carrier 
mobilities when the OTFT works in the saturation and linear 
region are 0.5 cm2 V−1 s−1 and 0.4 cm2 V−1 s−1, respectively, 
which agree well with recent results on TIPS pentacene-based 
transistors.[17,25,26] In addition, an average on/off ratio of 4 × 106 
is obtained and the gate current is kept at the level of 10 pA, 
both of which demonstrate the promising quality of the ano-
dized gate dielectric. On the same sample, there are also OTFTs 
with channel lengths of 10 μm and 20 μm, whose electrical per-
formance and yield rate are shown in Table 2 as well as in the 
supporting information.

As shown in Table 2, the yield is lower for OTFTs with shorter 
channel length. The main yield-limiting factor is electrical shorts 
related to imperfections in the multilevel imprint stamp.
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
In Figure 4b as well as Figure S2b,d, some hysteresis is 
observed in the transfer characteristics, which we attribute to 
hydroxyl impurities that are formed in the anodized dielectric 
layer,[8] in agreement with earlier observations.[8,27–29] Hyster-
esis could be improved by a post-baking step in vacuum directly 
after Al anodization.[30]

The device characteristics show certain non-idealities, 
such as a contact resistance that is clearly visible in the linear 
regime. Hydroxyl groups at the dielectric surface might also be 
one of the reasons to the non-ideal curve and affect the contact 
between source/drain electrode and semiconductor. Besides, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1209–1214
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Table 2.  Electrical performance and yield rate of OTFTs with various 
channel lengths.

Channel length  
[μm]

Linear 
mobility  

[cm2 V−1 s−1]

Saturation 
mobility  

[cm2 V−1 s−1]

On/off ratio Yield rate

5 0.40 ± 0.12 0.50 ± 0.10 4.0 × 106 ± 

2.1 × 106

20% (4 out of 20)

10 0.43 ± 0.10 0.54 ± 0.09 3.0 × 106 ± 

1.6 × 106

60% (132 out of 

220)

20 0.49 ± 0.08 0.60 ± 0.08 1.2 × 106 ± 

4.0 × 105

100% (220 out of 

220)
the 5 nm Cr adhesion layer is close to the dielectric surface 
contacting the channel, which would also contribute to a high 
contact resistance.

4. Conclusions

In summary, we have developed a self-aligned embossing pat-
terning technique to manufacture bottom-gate, bottom-contact 
organic TFTs. The MIM stack with defect-free, flat, and uniform 
anodized Al2O3 dielectric layer is deposited on flexible PEN foil 
substrate. A multi-level imprint stamp is prepared to define 
the 3D structure in the imprint resist by hot embossing. The 
self-aligned OTFT structures with 5 μm feature size are then 
demonstrated via layer-by-layer selective etching of the MIM 
stack without using alignment between layers. To finalize the 
devices, TIPS pentacene is deposited on top of each TFT struc-
ture by inkjet printing. Electrical measurements show prom-
ising carrier mobility and on/off ratio. The high reproducibility 
also indicates the potential of introducing this technique into 
large area production. Our approach is different from other 
self-aligned approaches,[12–14] which put a strong focus on a 
maximal reduction of parasitic overlap capacitance between the 
source/drain and gate for high-frequency TFT applications. We 
prefer to emphasize the compatibility of our method with the 
use of anodized Al2O3 combined with organic semiconductor of 
blends of TIPS pentacene and polystyrene, which accounts for 
the obtained on-current of the OTFTs that is at least 100 times 
higher than other self-aligned TFTs.[11–14,31] Moreover, anodized 
Al2O3 is preferred because of its high breakdown strength com-
pared to the polymer dielectric, which makes it is easier reduce 
parasitic overlap capacitance.[7,12] With our process and mate-
rials we also report a high yield rate (100% for 20 μm struc-
tures), which is not mentioned by the other approaches.

For further development, TFTs with sub-micrometer or 
even smaller channel lengths are to be manufactured using 
this technique. Parasitic overlap capacitance could be reduced 
by fine tuning the under etching of Al or by making smaller 
source/drain fingers in other forms of circuit layout to improve 
high-frequency performance of the TFTs. Our self-aligned 
embossing patterning technique can be scaled up to fabricate 
complementary circuits by employing n-type semiconductors 
such as indium-gallium-zinc oxide (IGZO).[7,32,33] Via filling 
and connection, wires could also be imprinted by adding corre-
sponding structures into the stamp using material subtractive[10] 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1209–1214
or additive[34,35] approaches with the potential for integrating 
the steps of material deposition, imprinting, and etching into a 
roll-to-roll process line.[10,34,36]

5. Experimental Section
FOC and Planarization Layer Preparation: A slicon wafer was cleaned 

by O2 plasma at 90 °C for 5 min, then 500 nm thick oxide was thermally 
grown on both sides and behaves as the carrier. A 25 μm thick PEN foil 
with temporary adhesive on one side (Q83 type, supplied by DuPont 
Teijin Films) was laminated on to the polished side of the wafer by a 
roller laminator with a pressure of 3 × 105 Pa at 90 °C. The adhesive 
between the foil and carrier was activated by heating to 170 °C in an 
oven for 1 h and was then cooled under ambient conditions. An SU-8 
3005 (purchased from MicroChem Corp.) photoresist layer was spin-
coated on the laminated PEN foil and acted as the planarization layer. 
The out gassing was carried out at 130 °C for 12 h under vacuum.

MIM Stack Fabrication: A Veeco 2 Nexus sputter tool was used to 
sputter-etch the SU-8 planarization for 30 s. The sputtering of the 
150 nm Al as gate layer was carried out using the same equipment 
with a deposition rate of 1.74 nm s−1. The anodization electrolyte was 
a solution of tartaric acid (0.07 mol dm−3) in a 1:2 (V:V) mixture of 
water and ethylene glycol, which was brought to pH 6.3 with an aqueous 
solution of ammonia (1% w/w). The anodization was carried out by 
setting a constant current density of 0.3 mA cm−2 before the voltage 
was increased to 40 V during 15 min, leading to a 60 nm thick Al2O3 
gate dielectric layer. Veeco CVC Connexion 800 sputter tool was used 
to deposit 5 nm Cr and 50 nm Au as the source/drain layers with the 
deposition rates of 0.37 nm s−1 and 0.32 nm s−1, respectively.

Resist and MIM Stack Etching: The imprint resist was anisotropically 
etched in a STS Multiplex clustertool by an O2 plasma with the etching 
rate of 1.30 nm s−1. Au was wet-etched in an aqueous solution of 
potassium iodide (0.30 mol dm−3) and iodine (0.05 mol dm−3), with an 
etching rate of 3.92 nm s−1 at 21 °C. Cr was wet-etched in an aqueous 
solution of perchloric acid (0.50 mol dm−3) and ceric ammonium 
nitrate ((NH4)2[Ce(NO3)6], 0.23 mol dm−3) with the etch rate of  
1 nm s−1 at 21 °C. Al and anodized Al2O3 were simultaneously etched in 
a commercial H3PO4/HNO3 etchant (PS 70-10 VLSI Selectipur, supplied 
by BASF), with the etching rates of 10 nm s−1 and 2 nm s−1, respectively.
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