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Abstract: A low-temperature solution-processed high-k gate dielectric layer for use in a
high-performance solution-processed semiconducting polymer organic thin-film transistor (OTFT)
was demonstrated. Photochemical activation of sol-gel-derived AlOy films under 150 °C permitted
the formation of a dense film with low leakage and relatively high dielectric-permittivity
characteristics, which are almost comparable to the results yielded by the conventionally
used vacuum deposition and high temperature annealing method. Octadecylphosphonic acid
(ODPA) self-assembled monolayer (SAM) treatment of the AlO; was employed in order to
realize high-performance (>0.4 cm?/Vs saturation mobility) and low-operation-voltage (<5 V)
diketopyrrolopyrrole (DPP)-based OTFTs on an ultra-thin polyimide film (3-um thick). Thus,
low-temperature photochemically-annealed solution-processed AlO; film with SAM layer is an
attractive candidate as a dielectric-layer for use in high-performance organic TFTs operated at
low voltages.

Keywords: organic thin film transistor; gate dielectric layer; self-assembled monolayer;
photochemical activation; low-temperature sol-gel method; low-voltage operation

1. Introduction

Solution-processed organic thin-film transistors (OTFTIs) have attracted considerable scientific
and industrial interest because of their potential application in low-cost flexible electronics, such
as active-matrix displays [1], circuitry [2,3], chemical/biological sensors [4,5] and radio-frequency
identification (RFID) cards [6]. While small-molecule-based organic electronic materials have
exhibited noteworthy performance enhancement [7-10], semiconducting polymers have also
undergone continuous refinement in terms of device performance in recent decades, particularly
as regards carrier mobility and operational stability [11-15]. The significant improvement in
the carrier mobility of these electronic devices can primarily be attributed to enhancement of
the closely packed lamellae structures along the current paths. Further, this improved carrier
mobility constitutes a promising opportunity for the application of organic polymers to entry-level
organic electronics. For example, it can be expected that solution-processed semiconducting
polymers could possibly replace the conventionally used inorganic vacuum-deposited amorphous
silicon (a-Si) in switching devices for flexible electrophoretic displays, which require less stringent
performance than other devices. However, it is not clear whether solution-processed semiconducting
polymers will eventually become applicable to organic light-emitting diodes (OLEDs), which
demand significantly higher carrier mobility than the aforementioned switching devices. Recent
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advancements in the molecular design and processing conditions of high-performance polymer
semiconductors have indicated that these materials could fulfill the requirements of various
high-end display and electronic-system applications. In order to take full advantage of these
polymers from an industrial perspective, the development of low-cost, high-capacitance, and reliable
gate dielectric layers is equally important to the development of the high-performance polymer
semiconductors themselves [16-20]. The high capacitance and low leakage currents of dielectric
layers permit low-voltage operation of semiconducting polymer devices, leading to low power
consumption by organic devices containing these polymers. Compared to organic-based dielectric
layers, solution-processed inorganic high-k dielectrics satisfy the high-capacitance requirement for
solution-processed organic polymers more fully, because of their excellent polarizability and chemical
stability [17,21-23]. Recently, low-temperature solution-processed AlO; sol-gel films exhibited the
relative low leakage current of about 107 A/cm? at 1 MV/cm [24-26], which is suitable for the
operation as a gate dielectric layer. Our recent demonstration of the photochemical activation
of a solution-processed AlOy layer for oxide semiconductor devices clearly indicated that dense
metal-oxide-metal network formation and condensation at low temperature are readily realizable
via a non-thermal activation method [27,28], which is critical in the case of a flexible substrate. Thus,
this photochemical activation enables us to fabricate high-performance DPP-based organic polymer
devices on a flexible substrate.

In this article, we employ a hybrid gate dielectric layer composed of a photochemically activated
AlOy film covered by an octadecylphosphonic acid (ODPA) self-assembled monolayer (SAM) in
a high-performance poly-[2,5-bis(2-decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,9-(2H,5H)-dione-(E)-(1,2-
bis(5-(thiophen-2-yl)selenophen-2-yl)ethene] (P-29-DPPDTSE) OTFT operated at low voltage (<5 V).
ODPA SAM treatment of the AlO, dielectric surface is used to modify its surface properties, with
close intermolecular interactions between neighboring backbones in the P-29-DPPDTSE polymer
being favored. This hybrid stack of organic/inorganic materials exhibits low leakage current density
with no abrupt breakdown for an applied bias voltage of up to 10 V. Therefore, we achieved
high-performance OTFT on a 3-pum-thick flexible polyimide (PI) film.

2. Experimental Procedure

In order to prepare the sol-gel precursor for the high-k AlOx gate dielectric film, aluminum
nitrate nonahydrate (AI(NOs);-9(H,O)) (Sigma-Aldrich) was dissolved in 2-methoxyethanol at
concentrations of 0.3 and 0.8 M, so as to yield solution-processed dielectric films with different
thicknesses. Immediately after the precursors were dissolved in the solvent, the resultant solutions
were vigorously stirred and kept at 70 °C for more than 12 h to enhance the hydrolysis. For AlOy
film deposition, the solutions were spin-coated at 2000 rpm for 40 s onto sputtered Cr glass or a
thin PI/glass substrate with a Cr gate electrode structure to yield metal-insulator-metal (M-I-M)
or OTFT device structures, respectively. Hence, thin dielectric layers were formed. Then, the
as-deposited samples were photochemically annealed using deep ultraviolet (DUV) annealing for
2 h under a continuous nitrogen flow at room temperature, so as to facilitate condensation and
densification of the precursors and formation of the metal-oxide-metal bonding network. During
the annealing process, it was observed that the sample temperature gradually increased up to 150 °C
as a consequence of the direct thermal radiation, which was generated by a low-pressure mercury
UV lamp. Au electrodes for the bottom-contacted devices were then patterned, and the surfaces
of the AlO, dielectric layers were modified by immersing the substrates in the ODPA solution for
more than 12 h. This caused the high-performance polymers to favor intermolecular interactions
during the solution processing. Finally, P-29-DPPTDTSE polymer films (0.2-wt % chloroform) were
prepared through the spin-casting of this polymer onto the substrates at 2000 rpm for 40 s. The
resultant films were then annealed at 200 °C for 10 min in the nitrogen-filled glove box. The film
thicknesses and surface morphologies of photochemically-annealed AlO, gate dielectric layers were
examined by using the profilometer (KLA-Tencor) and non-contact mode atomic force microscopy
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(AFM) system (PSIA), respectively. For the electrical characterization of the aforementioned M-I-M
and OTFT device structures, capacitance vs. frequency and leakage current density vs. applied bias
behaviors were analyzed using an Agilent LCR meter 4284A and Agilent 4156C analyzer, respectively.
The characteristics of the high-performance OTFTs were also examined using an Agilent 4156C
semiconductor parameter analyzer. All the electrical measurements were conducted in air and in
a dark environment.

3. Results and Discussion

Among the various high-k metal oxides, AlIO, was chosen for consideration in this study because
of its relatively high k and wide bandgap, which correspond to a low turn-on voltage and low
leakage current. Other high-k materials, such as ZrO, and YOy, could suffer from a relatively large
leakage current due to their low conduction band offsets, although they offer a higher k value than
AlOy [29-31]. Figure 1 displays the surface morphologies of the photochemically annealed AlOy
dielectric layers before and after DUV annealing, for the different AlO, sol-gel concentrations of 0.3
and 0.8 M (hereafter referred to as 0.3- and 0.8-M AlOy, respectively). These two concentrations of
AlOy represent the thin and thick film for use of gate dielectric layers, respectively. AFM analysis
revealed that the as-deposited AlO; films exhibited a substantial decrease in RMS roughness after
photochemical activation. Specifically, the initial RMS roughness values of 0.64 and 0.66 nm for the
softbaked 0.3- and 0.8-M AlO, samples were reduced to 0.32 and 0.36 nm, respectively, following
DUV annealing. Note that no obvious difference in AlOy surface roughness for the different sol-gel
concentrations was found in this study. This can primarily be attributed to the densification and
condensation of the AlO, precursors upon DUV irradiation, accompanied by the removal of organic
species and solvents [24,25]. As a rough dielectric surface often leads to the deterioration of charge
carrier mobility in semiconductors due to surface scattering, it is extremely important to keep the
surface roughness of the dielectric layer as low as possible [18]. Additional ODPA organic molecules
have been known to be effective in suppressing the leakage current of dielectric layer while enhancing
the performance of OTFTs [22,32]. It should be also noted that no noticeable difference of root mean
square (RMS) roughness was found from 0.3 and 0.8 M concentration of AlO, precursors. The final
thicknesses of the 0.3- and 0.8-M AlO, dielectric layers were estimated to be approximately 13.5
and 48.2 nm, respectively (not shown). Additional ODPA organic molecules have been known to
effectively suppress the leakage current of a dielectric layer while enhancing the performance of
OTFTs [22,32], and additional SAM treatment appears to increase the total thickness of the dielectric
layer by 2.2 nm; this value roughly corresponds to the ODPA molecule length [22,33]. For estimating
the length of ODPA molecules, the step height measurement of AlOy film with and without ODPA
treatment using AFM instrument was carried out following the patterning. As the as-deposited 0.8-M
AlOy layer exceeded 180 nm in thickness, this suggests that DUV irradiation effectively causes the
formation of dense metal-oxide films. Therefore, photochemical treatment of sol-gel precursors at
medium-range temperatures (~150 °C) can also be used to fabricate OTFTs on a flexible substrate.

Areal capacitance measurement of the 0.3- and 0.8-M AlO, films was employed in order to
investigate their performance as gate dielectric layers for low-voltage OTFTs. Figure 2a is a schematic
diagram of the M-I-M device structure, while Figure 2b shows the capacitance vs. frequency
characteristics of AlOy films with and without ODPA SAM treatment. The capacitance values of
the photochemically annealed 0.3- and 0.8-M AlO; films at 100 Hz were 366 and 149 nF/cm?,
respectively. The ODPA treatment reduced the capacitance of the 0.3-M AlOj film slightly, whereas
no visible change was apparent in the case of the 0.8-M AlOy. This difference might be ascribed
to the fact that the capacitance of the thicker 0.8-M AlO, film remains less sensitive to the thin
molecule layer. The relatively stable capacitance at higher frequency implies the efficient removal
of organic species within the films and also the formation of dense oxide films. Incomplete M-O-M
bonding formation and organic residues often yield a noticeable decrease in areal capacitance at
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high frequency [34,35]. The relative dielectric constant of the photochemically annealed AlO, was
estimated to be approximately 6.3, which is comparable to the values reported in the literature [36].

(b) 08 MAIO,

Softbake

RMS: 0.64 nm RMS: 0.66 nm

(c) 0.3 M AIO, (d) 08 MAIO, um

DUV annealing

0.5 um

RMS: 0.32 nm RMS: 0.36 nm

Figure 1. AFM surface scans of (a,b) softbaked and (c,d) DUV-annealed AlOy dielectric layers formed
with 0.3- and 0.8-M AlOy sol-gel concentrations, respectively.
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Figure 2. (a) Schematic illustration of metal-insulator-metal device structure and (b) capacitance vs.
frequency characteristics of Au-AlOy/ODPA-Cr/glass devices used in this study.

The leakage current behavior of the photochemically annealed 0.8-M AlO, film under applied
bias exhibited a stable dielectric property, as shown in Figure 3. Notably, no sudden electrical
breakdown was observed for currents below 1072 A/cm? at a bias voltage of up to 15 V, which
also indicates dense film formation due to the photochemical activation. For lower-operation-voltage
OTFTs, a thinner dielectric layer with higher capacitance and an acceptable leakage current is
always desired [17,22,37]. As stated previously, the 0.3-M AlO, yields a 13.5-nm thin high-k
dielectric layer, thus favoring high capacitance. Here, the 0.3-M AlO, M-I-M devices seemed to
retain a low leakage current up to almost 5-V applied bias, as shown in Figure 3. Therefore, the
low-leakage-current behavior of thin AlO, dielectric films seems to be comparable to the values
for high-temperature-annealed oxide gate dielectrics reported in the literature [34,36,38]. It can be
understood that low-temperature photochemical activation enables the use of low thermal budget
methods for sol-gel-derived oxide insulating layers. This suggests that photochemically annealed
thin AlOy films can be used as high-capacitance dielectric layers to realize OTFTs with low operation
voltages. Furthermore, ODPA SAM passivation lowers the leakage current density and increases the
breakdown voltage to some extent [22,39].
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Figure 3. Leakage current characteristics of Au-AlOy/ODPA-Cr/glass devices with 0.3- and 0.8-M
AlOy sol-gel concentrations.
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Using the fabricated AlOy films, high-performance P-29-DPPDTSE OTFTs were fabricated on
a 3-um thin PI/glass substrate using a bottom-gate and -contact electrode configuration, as shown
in Figure 4. DUV-annealed 0.3- and 0.8-M AlO; dielectric layers were formed following patterning
of the gate electrode. Figure 5a,b show the transfer characteristics and statistical distribution of the
saturation mobility of the P-29-DPPDTSE OTFT with a 0.8-M AlO, gate dielectric layer. The inset of
Figure 5a is an optical microscopy image of an OTFT with a 0.8-M AlO, dielectric layer. Note that
no visual defects, such as cracking and inhomogeneity, are apparent. The average mobility of the
P-29-DPPDTSE OTFT with a composite dielectrics of ODPA and 0.8 M AlOy layers was estimated to
be as high as 0.330 cm?/Vs, while the current on/off ratio (Ion/I,f) appeared to be approximately
2 x 102. Without SAM treatment on AlO,, we obtained much lower mobility of about 0.03 cm?/Vs,
possibly due to less ordering in the semiconducting polymer films. The relatively low Ion /I could
be due to insufficient isolation of the high-performance organic layer. The flexible substrate made
us difficult to physically isolate the high-performance semiconducting layer. A rigid substrate such
as silicon allowed us to fabricate OTFTs with 5 x 10° current on/off ratio. A histogram of the
mobility distribution of these OTFTs is shown in Figure 5b, indicating the uniformity of the device
performance. For the P-29-DPPDTSE OTFT with the 0.3-M AlO; film, the operation voltage was
reduced to 3 V without the appearance of a significant gate leakage current or any device breakdown,
as shown in Figure 5c. No significant device performance degradation was observed for this OTFT.
In other words, the average mobility was as high as 0.324 cm?/Vs. There seems to be no obvious
relation between the performance of OTFTs and thickness of dielectric layers. Slight difference of
saturation mobility of OTFTs with 0.3- and 0.8-M AlO; implies that their surface properties appears
quite similar, giving rise to similar level of molecular ordering within the semiconducting polymers.
A uniform distribution was again obtained, as shown in Figure 5d. It should be noted that both
OTFTs on the different flexible films demonstrated high charge carrier mobility of >0.3 cm?/Vs on
average. Additional optimization of these devices through refinement of both the ODPA treatment
and semiconductor processing conditions could further improve the observed device performance.

P-29-DPPDTSE
,1';9’ & ,?m'r;r: ,ﬂ?"’

A T

AlO, & Cr (gate)
Pl film

& ODPA

Glass

Figure 4. Schematic diagram of high-performance P-29-DPPDTSE polymer semiconductor device on
a flexible PI film/glass substrate with DUV-annealed AlO, gate dielectric layers (not to scale).
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Figure 5. (a,) Transfer curves and (b,d) statistical distributions for saturation mobility of

high-performance P-29-DPPDTSE polymer semiconductor devices on flexible PI film /glass substrates
with 0.3- and 0.8-M AlOy sol-gel concentrations, respectively.

4. Conclusions

In conclusion, it was demonstrated that a high-performance low-operation-voltage
P-29-DPPDTSE polymer semiconductor OTFT can be achieved using a photochemically activated
AlO, gate dielectric layer. ~Additional ODPA SAM treatment enhances the leakage current
characteristics of the AlOy film, while also improving the charge carrier mobility performance of
the obtained OTFTs. Using a 0.3-M AlOy film, the fabricated P-29-DPPDTSE OTFT was successfully
operated at a gate voltage lower than 3 V and exhibited a saturation mobility of ~0.3 cm?/Vs on a
flexible PI film substrate. Therefore, the findings of this work indicate that photochemical activation
of sol-gel precursors for use in dielectric materials constitutes a promising fabrication technique for
solution-processable organic electronics with the capacity for low-voltage operation.
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