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ABSTRACT: We studied a low-temperature-annealed sol—
gel-derived alumina interlayer between the organic semi-
conductor and the organic gate insulator for high-performance
organic thin-film transistors. The alumina interlayer was
deposited on the polyimide gate insulator by a simple spin-
coating and 200 °C-annealing process. The leakage current
density decreased by the interlayer deposition: at 1 MV/cm,
the leakage current densities of the polyimide and the
alumina/polyimide gate insulators were 7.64 X 1077 and
3.01 X 107° A/cm? respectively. For the first time,
enhancement of the organic thin-film transistor performance
by introduction of an inorganic interlayer between the organic
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semiconductor and the organic gate insulator was demonstrated: by introducing the interlayer, the field-effect mobility of the
solution-processed organic thin-film transistor increased from 0.35 + 0.15 to 1.35 + 0.28 cm*/V-s. Our results suggest that
inorganic interlayer deposition could be a simple and eflicient surface treatment of organic gate insulators for enhancing the

performance of solution-processed organic thin-film transistors.
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B INTRODUCTION

During the past few decades, a great deal of attention has been
paid to organic thin-film transistors (OTFTs) because they are
considered to be applicable to low-cost, large-area, and flexible
electronics."™'® A variety of high-performance, solution-
processable organic semiconductors (OSCs) have been
developed, while research on organic gate insulators (OGIs)
has been more limited. Among the various high-performance
OSCs, 2,7-dialky[1]benzothieno[3,2-b][1]benzothiophenes
(C,-BTBTs) are known to be solution-processable and air-
stable p-type OSCs."'~'® C,-BTBT TFTs have shown excellent
TFT performance. For example, the OTFTs with Cg-BTBT,
deposited on a SiO, gate insulator by drop-casting with a
sustaining piece, exhibited mobilities of up to 6 cm?/V-s.'®"”
The OTFTs with single-crystal Cy-BTBT, deposited on a
chemical vapor deposited parylene C gate insulator by double-
shot ink jet printing, showed mobilities up to 31 cm?/V-s."* For
the potential applications in low-cost and flexible electronics,
solution-processed OGIs could be used instead of thermally
grown SiO, or chemical vapor deposited Parylene C gate
insulators. There are few reports on C,-BTBT TFTs with
solution-processed OGIs. For example, Naito et al. reported the
top-gate Cg-BTBT TFT with the solution-processed fluoropol-
ymer gate insulator."” In our previous study, the bottom-gate
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C,o-BTBT TFT with the solution-processed polyimide gate
insulator exhibited a maximum field-effect mobility of 0.56
cm?/V:s and threshold voltage (Vy) of —44.0 V.*° C,-BTBTs
are known to be air-stable because of their low highest occupied
molecular orbital (HOMO) energy level, though the huge
negative shift of Vi, is thought to be a drawback.'"° The
performance of C,-BTBT TFTs with OGIs, including the
relatively low field-effect mobility and the negative shift of Vy,
still needs to be improved for a variety of electronics
applications.

To improve the OTFT performance, surface modification of
gate insulators has been widely utilized. For example, OTFTs
with self-assembled monolayer (SAM)-treated SiO, gate
insulators exhibited better device performance than those
with bare SiO, gate insulators.”' ' It is believed that the SAM
treatment results in reducing traps originating from surface
hydroxyl groups of SiO, gate insulators and improving the
crystal quality of OSC molecules. Surface properties of SiO,
gate insulators could be modified by the SAM treatment;
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however, surface modification of OGIs is more limited due to
the lack of functional groups such as surface hydroxide.

In this paper, we report on the enhanced performance of
solution-processed C,-BTBT TFTs by introduction of a low-
temperature-annealed sol—gel-derived amorphous alumina (a-
alumnia) interlayer between the OGI and the OSC. The a-
alumina thin film was solution processable at low temperatures
compatible with flexible substrates.”> We demonstrate that the
inorganic interlayer deposition could be a simple and efficient
OGlI-surface-treatment way for enhancing the performance of
solution-processed OTFTs. The a-alumina interlayer is
deposited on the polyimide gate insulator using a simple
spin-coating and 200 °C-annealing process. By the introduction
of the a-alumina interlayer, the field-effect mobility improves
from 0.18 to 1.42 cm?/V-s and the turn-on voltage (V) shifts
from —12.3 to —3.9 V. To the best of our knowledge, the
enhancement of the OTFT performance by introduction of the
inorganic interlayer between the OGI and the OSC has not
been reported before. Our results prove that the surface
characteristics of the underlying a-alumina interlayer facilitates
the improvement of the crystal quality of OSC molecules, and
the remaining nitrate in the a-alumina layer plays a critical role
as an electron acceptor for approaching the turn-on voltage
toward a zero bias, which maintains the acceptable electrical
properties as an interlayer.

B RESULTS AND DISCUSSION

We prepared the polyimide (KPI) precursor, the poly(amic
acid) from a dianhydride monomer of 3,3'4,4’-biphenyl
tetracarboxylic dianhydride (BPDA), and a diamine monomer
of p-phenylenediamine (p-PDA). To decrease the imidization
temperature, a base catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), was added to the poly(amic acid) solution.>® To obtain
the polyimide gate insulator, the poly(amic acid) solution with
DBU was spin-coated and annealed at 200 °C. For the
deposition of the a-alumina interlayer, aluminum nitrate
nonahydrate/2-butoxyethanol solution was spin-coated on the
KPI gate insulator and annealed at 200 °C. The thicknesses of
the KPI and the a-alumina/KPI films were controlled to be 120
and 140 nm, respectively. It is known that a-alumina thin films
can be formed at low temperatures compatible with flexible
substrates. In a previous study, the a-alumina thin film, solution
processed at 200 °C, was successfully used as a gate insulator
for inorganic TFTs.*” Similar low-temperature approaches were
reported for enhancing the performance of polymer solar cells.
Amorphous ZnO interlayers, solution processed at a temper-
ature below 200 °C, were used as an electron transport
layer.>*** To determine the effective annealing temperature for
the a-alumina interlayer, thermal gravimetric analysis (TGA)
was conducted. Figures S1 and S2, Supporting Information,
show the thermal behaviors of the aluminum nitrate non-
ahydrate precursors as a function of temperature ranging from
25 to 500 °C and as a function of annealing time at 200 °C,
respectively. The weight loss at 200 °C was 76.5% (weight loss
at S0 min in Figure S2, Supporting Information), which is
comparable to the maximum weight loss by the thermal
decomposition, 82.9% (weight loss at 450 °C in Figure S,
Supporting Information). Thus, the low-temperature annealing
at 200 °C for a prolonged time is thought to be sufficient for
the almost complete thermal decomposition of the precursor.
To elucidate the formation of the oxide skeleton framework,
even by a low-temperature process, the chemical structure of
the resulting alumina layer was analyzed with X-ray photo-
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electron spectroscopy (XPS), as shown in Figure 1. The near-
Gaussian peak at 529.5 + 0.5 eV indicates an oxide lattice with
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Figure 1. XPS spectrum of a-alumina interlayer on KPI film.

a chemical bond of Al-O, whereas the peak at 531 + 0.5 eV
implies an oxygen-deficient oxide lattice, i.e., an oxide lattice
with an oxygen vacancy. The feature at ~532.0 eV is assigned
to the oxygen in the hydroxide due to highly electronegative
hydrogen atoms. The peak for nitrate, which comes from the
partially decomposed precursor, is located at ~533 eV. It is
clear that the oxide skeleton forms, even by annealing at 200
°C, with the presence of a small amount of hydroxide and
nitrate. For oxide materials applicable to a gate insulator for
TFTs, the hydroxide acts as a trap site for electrons, which gives
rise to the electrical conduction path for the leakage current. By
increasing the annealing temperature, further formation of the
oxide lattice proceeds by converting the hydroxide into a metal
oxide framework via a thermally enhanced condensation
reaction. However, the ultrathin a-alumina layer suggested in
this study is mainly composed of oxide lattices that endow
reasonable insulating properties, as shown in Figure S3,
Supporting Information.

The amorphous phase of a-alumina on KPI was confirmed by
X-ray diffraction (XRD) analysis (Figure S4, Supporting
Information). Figure 2a,b shows atomic force microscope
(AFM) images of KPI and a-alumina/KPI films, respectively.
Surface root-mean-square (rms) roughnesses, calculated from
the AFM images (S ym X S pm), of the KPI and a-alumina/
KPI films were 1.02 and 0.70 nm, respectively. Both films have
a smooth surface. Surface energies were calculated from contact
angles of water and diiodomethane. The measured surface
energies of the KPI and a-alumina/KPI films were 51.4 and
69.3 dyn/cm, respectively.

To show the effect of the interlayer deposition on the gate
insulating properties, metal—insulator—metal (MIM) capacitor
structures were fabricated. Figure 3a shows the frequency-
dependent capacitances of thel20 nm-thick KPI film and the
140 nm-thick a-alumina/KPI film. At a frequency range of 40
Hz to 10 kHz, the dielectric constants of the KPI and the a-
alumina/KPI gate insulators were calculated to be in the range
of 3.1-32 and 3.2—3.4, respectively. Figure 3b shows the
electric field-dependent leakage current densities of the KPI
and the a-alumina/KPI gate insulators. Interestingly, the
leakage current density decreased by the deposition of the
interlayer. At 1 MV/cm, the leakage current densities of the
KPI and the a-alumina/KPI gate insulators were 7.64 X 1077
and 3.01 X 107 A/cm? respectively. The deposition of the
amorphous nanolayer could suppress the leakage current by
termination of the grain boundaries, defects, pinholes, and
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Figure 2. AFM images of (a) KPI and (b) a-alumina/KPI films.
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Figure 3. (a) Capacitances (as a function of frequency) and (b)
leakage current densities (as a function of electric field) of KPI and a-
alumina/KPI films.

clusters in the multilayer thin films.>***” The a-alumina-
deposited KPI gate insulator had better gate insulating
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properties than the bare KPI gate insulator, as summarized in
Table 1.

Table 1. Dielectric, Insulating, and Surface Properties of KPI
and a-Alumina/KPI Films

surface rms surface
gate dielectric leakage current roughness ener|
insulator  constant®  density” [A/cm?] [nm] [dyn/cm]
KPI 3.13 7.64 X 1077 1.02 514
a-alumina/ 3.26 3.01 X 107° 0.70 69.3
KPI

“Measured at 10 kHz. "Measured at 1 MV/cm.

To investigate the effect of the a-alumina interlayer on the
OTFT performance, we fabricated solution-processed C,o-
BTBT TFTs with a bottom-gate, top-contact geometry. Among
the various methods for OSC deposition, a simple spin-coating
method was used in this study. In a previous study, the OTFTs
with C,-BTBT, deposited on the SiO, gate insulator by the
spin-coating, had mobilities in the range of 0.28 to 0.86 cm*/
V-s.'! The OTFT device structure used in this study is shown
in Figure 4a. The a-alumina interlayer between the OGI and the
OSC significantly affected the OTFT performance. Figure 4b—
d shows the transfer and output characteristics of the C,4-
BTBT TFTs with and without the a-alumina interlayer. The
OTFTs showed typical p-type characteristics. The field-effect
mobility, V,,, Vg, subthreshold slope (S-slope), and on/off
current values are summarized in Table 2. By the introduction
of the a-alumina interlayer, the field-effect mobility increased
from 0.18 to 1.42 cm?/ Vs, V,, increased from —12.3 to —3.9'V,
V4, increased from —18.6 to —7.0 V, and the S-slope decreased
from 327 to 0.42 V/decade. To compare the device
performance, we prepared 10 OTFT devices for each case.
The on/off current ratios of all the OTFTs were >10°. The
average field-effect mobility, V, and S-slope of the C,;-BTBT
TFTs with the a-alumina interlayer were 1.35 + 0.27 cm?/V:s,
—6.55 + 1.67 V, and 2.16 + 0.77 V/decade, respectively. Those
of the C,;-BTBT TFTs without the a-alumina interlayer were
0.35 + 0.1S cm*/V's, —17.5 + 128 V, and 345 + 043 V/
decade, respectively. For more comparison, the C,;-BTBT
TFTs with the 100 nm-thick SiO, gate insulators were also
prepared (Figure SS, Supporting Information, and Table 2).
The on/off current ratios and the average field-effect mobility
of the prepared devices were >10° and 0.39 + 0.11 cm?/V's,
respectively. All three types of OTFTs had a small hysteresis of
less than 1 V in the transfer characteristics (Figures S5, S6, and
S7, Supporting Information).

By introducing the a-alumina interlayer, the OTFT perform-
ance was greatly enhanced. The enhanced performance might
be related to the C;;-BTBT morphology. Figure Sa,b shows
AFM images of C(-BTBT layers on the KPI and a-alumina/
KPI films. In both images, there are two-dimensional (2D)
layers and three-dimensional (3D) islands of C,,-BTBT
crystals. The layer-plus-island formation of OSC molecules,
i.e., the Stranski-Krastanov mode, occurs when the OSC’s
intermolecular and substrate—molecule interactions are placed
in some balanced range.”> The diameters of the 3D islands on
the KPI film are much larger than those on the a-alumina/KPI
film. 2D layers of C,,-BTBT crystals are more dominant on the
a-alumina/KPI film. For the charge carrier transport, a 2D
layer-by-layer crystal formation is more advantageous than a 3D
crystal formation.”® Improved 2D layer-by-layer crystal
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Figure 4. (a) Scheme of the OTFT device structure. (b) Transfer characteristics of the C,(-BTBT TFTs with and without the a-alumina interlayer.
Output characteristics of the C,o-BTBT TFTs (c) with and (d) without the a-alumina interlayer.

Table 2. Electrical Characteristics of the C,;-BTBT TFTs
with SiO,, KPI, and a-Alumina/KPI Gate Insulators

mobility (average S-slope
gate mobility®) v/
insulator [em?/(V s)] Voo [V] Vi [V]  decade] Ion/Log
SiO, 0.41 -15.0 -21.9 2.46 6.33 X 10°
(0.39 = 0.11)
KPI 0.18 —-12.3 —18.6 327 3.39 X 10°
(0.35 = 0.15)
a-alumina/ 142 -39 -7.0 0.42 2.05 x 10°
KPI (1.35 + 0.28)

“Average field-effect mobility of 10 TFT devices.

formation of the OSC by introduction of the a-alumina
interlayer was also confirmed by XRD analysis. Figure 6a shows
the out-of-plane XRD patterns of C,,-BTBT layers on the KPI
and the a-alumina/KPI films. In the XRD patterns, there are
(001) reflections with an interlayer distance (d-spacing) of 3.32
and 3.41 nm, respectively, which correspond to the c-axis length
of the single-crystal C;o-BTBT unit cell, 3.378 nm.>® The
dominant molecular arrangement of C,;-BTBT on KPI and a-
alumina/KPI gate insulators are characterized by a 2D layer-by-
layer structure along the c-axis direction. The (001) peak
intensity of C;;-BTBT on a-alumina/KPI is 1.2 times higher
than that of C,;-BTBT on bare KPL. The full width at half-
maximum (fwhm) values were calculated from the rocking
curves of the (002) reflections (Figure 6b). The fwhm values of
the C,;-BTBT layers on KPI and a-alumina-KPI films were
0.99° and 0.79°, respectively. More broadening of the rocking
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Figure 5. AFM images of C,;-BTBT layers on (a) KPI and (b) a-
alumina/KPI films.

curve of the C,-BTBT layers on the KPI gate insulator
corresponds well to the AFM image, where much larger 3D
islands of C,(-BTBT crystals were observed. By introducing the
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a-alumina interlayer, the crystal quality of the 2D-layered C,-
BTBT was improved. The surface properties of the gate
insulators dramatically affect the OSC morphology in a bottom-
gate OTFT. Effects of the surface properties on the
morphologies of vacuum-evaporated OSCs with various OSC
thicknesses have been widely studied. However, study on the
morphologies of solution-processed OSCs is more limited, and
more research efforts are needed to fully understand the OSC
crystal formation at the interface.

According to the TGA results (Figures S1 and S2,
Supporting Information), the organic residue should be
included in the 200 °C-annealed interlayer due to the presence
of an incompletely decomposed precursor. The existence of
NO;-(H,0), was confirmed by the XPS analysis (Figure 1) and
also by the nitrate antisymetric stretching mode (¢3, 1385
cm™") and the water bending mode (1728 cm™") of the infrared
(IR) spectrum (labeled A and B, respectively, in Figure S8,
Supporting Information).>* The vertical composition profile of
nitrate hydrate in the alumina layer was investigated by an
Auger depth profile. As shown in Figure S9, Supporting
Information, the nitrate-related functional moiety is present
uniformly along the a-alumina interfacial layer. We confirmed
that the remaining nitrate did not increase the leakage current
density, as shown in Figure 3b.

The improved OTFT performance could be due to the
additional generation of mobile charge carriers at the interface
between the OSC and the gate insulator, as well as the
enhanced crystal formation. According to the trap and release
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model, traps at the OSC/gate insulator interface capture field-
effect carriers and Vy, are strongly related to the voltage at
which the trap states are occupied completely by field-effect
carriers. ™% Recently, we reported that Vy, of the C,(-BTBT
TFTs could be shifted in a positive direction by doping the
electron acceptor, such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracya-
noquinodimethane (F,TCNQ), into the OSC layer.”® With the
doping, the charge transfer between the electron acceptor and
the OSC occurred and more mobile holes appreared. Because
of the increased number of mobile holes, the number of
unoccupied trap states was reduced and the field-effect mobility
increased.®**¢ In general, the oxide surface has a high density
of charge traps which could capture field-effect carriers.
However, at the OSC/a-alumina interface, electrons might be
trapped selectively by the remaining nitrate, known as a strong
electron acceptor, and more mobile holes could appear. The Vy,
shift in a positive direction and the increased field-effect
mobility might be the result of a charge transfer between the
remaining nitrate and C,,-BTBT.

Our results suggest that the introduction of the a-alumina
interlayer could be a simple OGI-surface-treatment way to
enhance OTFT performance by improving the crystal quality of
OSC molecules and/or by formation of a charge transfer at the
channel between the OSC and the interlayer. It is well-known
that polyimide films could be fabricated by various continuous
processes such as slot coating and blade coating processes. The
polyimide and the a-alumina thin films in this study are
expected to be applicable for a continuous in-line process.

H CONCLUSION

In summary, we report a low-temperature-annealed sol—gel-
derived a-alumnia interlayer between the OGI and the OSC for
enhanced performance of OTFTs. To investigate the effect of
the interlayer on OTFT performance, we fabricated solution-
processed C,-BTBT TFTs with the polyimide and the a-
alumina/polyimide gate insulators. By introducing the inter-
layer, the field-effect mobility increased from 0.35 =+ 0.15 to
1.35 + 0.28 cm*/V:s. Use of the a-alumina interlayer results in
increasing the crystal quality of C;;-BTBT molecules. In
addition, we believe that the remaining nitrate in the interlayer
acts as an electron acceptor for increasing the number of mobile
holes, resulting in the Vi shifting in a positive direction and the
enhancement of field-effect mobility.

B EXPERIMENTAL SECTION

For the synthesis of the poly(amic acid), the polyimide precursor,
BPDA, and p-PDA were dissolved in N-methyl-2-pyrollidone (NMP).
The solution was stirred until the solution viscosity reached the
saturation point. The as-prepared poly(amic acid) solution with S wt
% (weight percent to the poly(amic acid)) of DBU was spin-coated on
patterned indium tin oxide (ITO)-coated glasses. The spin-coated
films were annealed at 90 °C for 10 min and 200 °C for 40 min on a
hot plate in ambient air. The final thickness of all the polyimide films
was controlled to be 120 nm. The alumina interlayer was deposited on
the polyimide gate insulator using a simple spin-coating method.
Aluminum(III) nitrate nonahydrate (Al(NO;);-9H,0) was dissolved
in 2-butoxyethanol with a concentration of 7 wt %. The precursor
solution was spin-coated at 2000 rpm for 30 s on the polyimide layer
and annealed at 90 °C for 10 min and 200 °C for 40 min on a hot
plate in ambient air.

Surface energies of the prepared films were calculated from contact
angles of water and diiodomethane, which were measured by a
PEONIX 300 contact angle analyzer. To predict surface energies of the
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gate mszlhtsors, a geometric-mean approach by Owens and Wendt was
ied."”

To determine the capacitance and insulating properties of the gate
insulators, the MIM capacitor structures were prepared by deposition
of the top gold electrode on the polyimide-coated ITO glass. The
active area of the MIM devices was 50.24 mm?® For electrical
characterizations, we prepared bottom-gate, top-contact TFT devices.
ITO-coated glass was used as the substrate, and the ITO was patterned
(2 mm wide stripes) to produce the gate electrode. A 0.4 wt %
solution of C,-BTBT, synthesized by Svoboda’s method,* in
chloroform was spin-coated on the gate insulator layer at 3000 rpm
for 30 s. After annealing at 80 °C for 30 min, S0 nm-thick source and
drain gold electrodes were deposited by thermal evaporation on the
semiconductor layer through a shadow mask, creating a transistor with
a channel length (L) and a width (W) of 50 and 1000 m, respectively.

B ASSOCIATED CONTENT

© Supporting Information

XRD pattern and IR spectrum of the alumina interlayer,
transfer characteristics of organic thin-film transistors, and
thermal gravimetric analysis curves of Al(NO;);-9H,0. This
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