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Tunable Dielectric Constant of Polyimide-Barium
Titanate Nanocomposite Materials as the Gate
Dielectrics for Organic Thin Film Transistors
Applicationst

Yang-Yen Yu,"™" Cheng-Liang Liu," Yung-Chih Chen,* Yu-Cheng Chiu,® and
Wen-Chang Chen®

We report on a systematic study of hydroxyl-containing polyimide (PI)-BaTiO; (BT)
nanoparticles (NPs) nanocomposite dielectric materials, to determine the effects of BT NPs
loadings (X) for X = 0, 2, 5, 8, 10, and 12 wt%, on p-type pentacene organic thin film
transistors (OTFTs). A condensation reaction to produce well-dispersed BT NPs within the PI
matrix was followed by spin-coating to form a dielectric thin film directly on a silicon
substrate. The thermal, optical, surface, dielectric, and electrical properties of the PI-BPX
hybrid dielectric composite correlated to BT content for each sample. The hybrid dielectric
composites exhibit tunable insulating properties, including high dielectric constant values in
the range 5.2~11.3, high capacitances from 3.1 to 27.9 nF cm? for a film thickness of
approximately 350 nm, and low leakage current densities in the range of 1.85 x 107~2.76 x 10°
A cm? at 2 MV cm’!. Bottom-gate top-contact OTFTs fabricated using various PI-BPX
hybrid dielectrics, exhibit low threshold voltages of -4.09~2.62 V, moderately high field-effect
mobility rates of 3.36 x 102~2.32 x 10! ecm® V' 57!, and high ON/OFF ratios of approximately
10°. This study opens a route towards transparent and highly stable hybrid dielectric materials
with tunable dielectric properties, by careful selection of NPs and polymer matrix
combinations.

In OTFTs, the interface between gate dielectric and organic
semiconductor plays an important role, because charge

attracted  transport is confined to a thin layer of the semiconductor close

(OTFTs) have

considerable attention for their unique features, including low
fabrication cost, flexibility, and ease of processing in solution,
compared to their inorganic counterparts.'” Much research
effort has been directed at modifying OTFTs structural design
to improve their performance in organic and polymeric
semiconductors.®'® Other approaches, such as controlling the
deposition of crystalline organic films''""* and controlling the
nature of the interfaces present'*'® have also been developed.
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to this interface. Smoothing the dielectric surface by using a
thin polymer dielectric layer can often reduce the numbers of
surface traps, optimize organic semiconductor growth, and
control its morphology. However, this approach has the
disadvantages of reducing the dielectric constant, resulting in
low capacitance and high leakage currents.'!

Alternatively, a high dielectric constant material such as a
metal oxide can induce a greater density of accumulated charge
carriers in the channel region for a given electric field, but most
of these are based on ceramic materials that generally require
high temperature annealing processes and expensive deposition
equipment.'®*' Combining organic polymer and inorganic
constituents to form a hybrid insulator are an attractive strategy
that can provide excellent candidates for OTFTs gates.?** The
dielectric properties of hybrid dielectrics comprising mixtures
of polymers and inorganic nanofillers, including nanoparticles
(NPs), nanoclusters, and nanotubes, can be tuned by varying the
type and concentration of nanofiller materials, such as by using
different inorganic oxides.”*™**

J. Name., 2013, 00, 1-3 | 1



RSC Advances

Polyimide (PI) is an excellent insulating material for OTFTs
applications, and provides good thermal and mechanical
stability.***” Barium titanate (BaTiOs; BT) NPs have a large
dielectric constant and behave similarly to ferroelectric
dielectric materials. The production of polymer-BT NPs hybrid
thin films by simple solution techniques provides high quality
dielectric nanocomposite materials.>’*®* Polymer hybrids
materials and their production method for the controlled
synthesis of hybrid nanostructures were obtained from
templating NPs dispersions in continuous polymeric matrix.
Fine-tuning the electrical and morphological properties of gate
dielectrics based on a stable PI matrix contained within high
dielectric constant BT NPs can improve the performance of
OTFTs devices.

To prepare solution-processable organic-inorganic hybrid
gate dielectric materials for use in OTFTs devices, we
synthesized and characterized a series of hybrid PI-BT
nanoparticle (PI-BTX) based dielectrics, varying X (BT
loading) as 0, 2, 5, 8, 10, and 12 wt% (Scheme 1). Well-
dispersed BT NPs in a PI matrix were spin-coated to form
hybrid dielectric films. Varying the concentration of BT NPs
provides control over the dielectric properties and performance
of the pentacene-based OTFTs. We show that these hybrid
dielectrics are more electrically effective than neat PI (PI-BTO0),
and demonstrate the tailoring of dielectric properties through
modification of the organic-inorganic composition. Our
findings provide insight towards the development of stable
transparent dielectric materials for future electronic applications.
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Scheme 1 Synthetic route for PI-BTX hybrid nanocomposite
dielectric thin film.

Experimental

Materials

2,2-Bis(3-amino-4-hydroxyphenyl)hexafluoropropane (Matrix
Scientific, 98%) and 4,4-oxydiphthalic anhydride (Aldrich,
97%), barium titanate (BaTiO;, Seedchem Company PTY.
LTD, 99%:; particle size of ~30 nm) were used to prepare the
PI-BTX hybrid dielectric films. All solvents, including
isoquinoline (95%), tetrahydrofuran (THF, 99.9%), 1-methyl-2-
pyrrolidinone (NMP, 99.9%), N,N’-dimethyl acetamide
(DMAc, 99.5%), and toluene (99.8%) were provided by Tedia
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chemicals or Acros Organics. Pentacene, used as an organic
semiconductor, was purchased from TCI Co. Ltd. All chemicals
and solvents were used as received, without further purification.

General Procedures of Polymerization

Soluble PI was prepared by the imidization of a polyamic acid
(PAA) solution. First, 2,2-bis(3-amino-4-
hydroxyphenyl)hexafluoro propane (0.733 g) was placed into a
100 mL three-necked round-bottom flask under nitrogen, and
then 8 mL of NMP and 0.476 mL of isoquinoline were added to
dissolve the reagents. Next, 4,4-oxydiphthalic anhydride (0.620
g) was slowly added with vigorous stirring. The reaction
mixture was stirred for 5 h at room temperature, and then
toluene (2 mL) was added to the solution. The prepared PAA
solution was thermally imidized at 150 °C for a further 18 h,
and then cooledto room temperature. The homogeneous 2,2-
bis(3-amino-4-hydroxyphenyl) hexafluoropropane and 4,4-
oxydiphthalic anhydride solution was precipitated by the
addition of 300 mL of methanol. A white-gray precipitate was
recovered and subsequently dried in vacuo at 60 °C for 48 h
(yield: 83%).454

Scheme 1 shows the general reaction scheme for the
preparation of the PI-BTX hybrid solutions, where “X” is a
number that refers to the weight percent of BT in the hybrid
materials. Taking PI-BT12 as an example, BT (0.0273 g) in 0.5
mL of DMAc was added into a 25 mL round-bottom flask.
Then, PI (0.2 g) dissolved in 2 mL of DMAc was added drop
wise to the solution by syringe, and the mixture stirred at room
temperature for 30 min to obtain the PI-BT12 hybrid solution.
To prepare the PI-BT12 hybrid thin film, the precursor PI-
BT12 solution was filtered and spin-coated onto a silicon wafer
at 2000 rpm for 20 s. The resulting hybrid dielectric film was
soft-baked at 60 °C for 20 min, 100 °C for 20 min, then at 150
°C for 1 h.

Characterization

Fourier transformed infrared (FTIR) spectra of the prepared PI-
BTX hybrid thin films were acquired using on using a
PerkinElmer Spectrum One spectrophotometer. In situ Raman
spectroscopy was performed to determine and compare the
phase transition temperatures using a Renishaw Inivia Raman
microscope over a wavenumber range of 150~1000 cm™ and
temperature from 25 to 300 °C. The thermal properties of the
PI-BTX hybrids were assessed using a TA Instruments Q50
thermogravimetric analysis (TGA) instrument and Q20/RSC90
differential scanning calorimeter (DSC) at heating rates of 20
and 10 °C min’', respectively. Contact-angle analysis was
performed using an optical contact-angle apparatus with data
acquisition software. The transmittances of the hybrid films
coated on the quartz substrates were collected using a Jasco V-
650 UV/Vis/NIR spectrophotometer. XRD analysis was
performed on a PANalytical X' Pert PRO MPD X-ray
diffractometer using CuKoa radiation. The morphologies of thin
films were observed by a high-resolution transmission electron
microscope (HRTEM; JEOL, JEM-2100), a scanning electron
microscope (SEM; Hitachi H-2400), and an atomic force
microscope (AFM; Veeco DI 3100). The thicknesses of the PI-
BTX hybrid thin films were analyzed by profilometry (ET-
4000, Kosaka Laboratory Ltd).

This journal is © The Royal Society of Chemistry 2012
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OTFTs Fabrication and Characterization

OTFTs were fabricated on Si substrates using bottom-gate top-
contact (BGTC) architecture. Heavily doped n" Si substrates
were cleaned with deionized water, acetone, and isopropanol in
an ultrasonic bath. After deposition of the hybrid dielectric
layer (~350 nm), the pentacene active layer (~50 nm) was
fabricated by thermal evaporation deposition at the pressure of
approximately 107 Torr and deposition rate of 0.5 A s
Finally, Au source and drain electrodes were deposited on the
active semiconducting layer by vacuum thermal evaporation, to
provide source-drain contacts of length (L) = 50 um and width
(W) = 1000 pm. For the metal/insulator/metal (MIM) test
structures, 0.6 mm diameter Al electrodes were deposited
directly onto the gate hybrid dielectric/Si films by shadow
masking. MIM direct current measurements and OTFTs
measurements were performed under ambient conditions using
a probe station interface with an Agilent E4980A precision
LCR meter (10 kHz to 1 MHz), and Agilent B1500A
semiconductor device parameter analyzer.

Results and Discussion

PI-BTX hybrid dielectric film fabrication and characterization

The PI-BTX hybrid materials provided the gate dielectric for
OTFTs devices. PI is well suited for use as the insulating matrix
because of its high thermal and environmental stability and
easy chemical modification. We performed two-step
polymerization process of PI, involving polyamic acid synthesis
and chemical imidization. Hybrid thin films were prepared by
spin coating a solution of the appropriate precursor followed by
thermal curing, as described in the Experimental section.
Thermal treatment results in the formation of links between the
prepared functionalized PI via its pendent hydroxyl groups, to
the surface-modified BT NPs filler material. The dispersion and
aggregation behaviors of the NPs determine the dielectric and
film properties of PI-BTX hybrids. The combination of high
dielectric constant guest fillers with a stable polymer host can
provide solution-processable PI-BTX dielectric materials.

We studied the influence of composition on the structure and
properties of dielectric films comprising a purely inorganic BT
phase, polymeric material, and inorganic and polymer hybrid
components, present in various weight ratios. Three main
spectral features of BT ceramics detected by Raman
spectroscopy (Fig. 1(a))at 25 °C are: (1) An intense broad band
appearing at 508 cm™ [A1 (TO)], (2) a broad, weak band at 711
cm™ [Al (LO)], and (3) a sharp band at 306 cm™ [BI,
E(TO+LO)], indicating that BT NPs possess coexisting
rhombohedral and orthorhombic phases similar to that
described in a previous report.’® The structures of treated PI-
BTX nanocomposite films were examined by a combination of
Raman and FTIR spectroscopies. Fig. 1(a) shows Raman
spectra of pure BT, PI (PI-BT0) and several PI-BTX hybrids
(PI-BT2, PI-BTS, PI-BTS, PI-BT10, and PI-BT12). The three
main BT absorption bands were also present in the spectra of
the PI-BTX hybrids. The intensity of these characteristic BT
bands increases with BT concentration. Fig. 1(b) and Fig. S1 of
ESIt show the FTIR spectra for pure BT and for PI-BTX
hybrids with various compositions, respectively. Pure PI (PI-
BTO0) is identifiable during the complete PAA polycyclic-
dehydration process, by imide C=0O stretching bands at 1788
cm™ and a C-N-C stretching absorption at 1370 cm™” and
absence of C=0O from amid acid at 1680 cm™'. The intense

This journal is © The Royal Society of Chemistry 2012
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Fig. 1. (a) Raman spectra and (b) FTIR spectra of PI-BTX
hybrid nancomposite thin films.

peaks around 3000 cm™ are attributed to the hydroxyl (-
OH)stretching from the side chain of PI, and the intensity of
this band is slightly decreased in FTIR spectra when more BT
NPs are covalently bonded with PI (from PI-BTO0 to PI-BT12).
The strong and broad absorption band at approximately
500~700 cm™ in both figures arises from Ti-O stretching
vibrations in BT NPs. The PI-BTX hybrid FTIR spectra are
consistent with the presence of both rhombohedral and
orthorhombic morphologies. The greater the ratio of the BT in
the hybrid sample, the greater the intensity of the Ti-O band
appears in the low wavenumber region (500~700 cm™). The
intensity of both Raman and FTIR spectra is proportional in
part, to the number of contributing bonds present, thus, these
spectra indicate that the introduction of BT nanofillers into the
PI matrix results in the formation of PI-BTX hybrids. This

Fig. 2. AFM images dielectric surfaces: (a) PI-BTO, (b) PI-
BT2, (c) PI-BTS5, (d) PI-BTS, (¢) PI-BT10, and (f) PI-BT12.

J. Name., 2012, 00, 1-3 | 3
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evidence also supports the proposed hybrid formation process,
in which increases in the numbers of BT moieties in the system
results in larger and more numerous BT regions.

The SEM image in Fig. S2 of ESI{ and the AFM image in
Fig. 2 show that spin coating of PI and BT NPs mixtures
produce smooth and robust PI-BTX dielectric films at low
temperature. SEM imaging of the hybrid surface demonstrates
that the binding compatibility between PI and BT NPs on Si
substrate facilitates the formation of uniform large-scale thin
films with homogenous NP distributions, in OTFTs dielectric
materials. The tapping-mode AFM height image of the
dielectric layer (Fig. 2) reveals that the root-mean-square (rms)
roughness values for 2 x 2 um regions in the PI-BTX dielectric
are in the range 0.475~11.924 nm. These AFM images of the
hybrid PI-BTX samples show how surface morphology
depends on the theoretical BT loading content in the hybrid
material. Increases in the BT content of the PI matrix appears to
result in increased surface rms roughness. However, all of the
hybrid dielectric samples presented pinhole-free surfaces.
Overall, our observations suggest that BT nanoparticles
effectively disperse in the hybrid dielectric film PI matrix.

The XRD results (Fig. 3) for the sintered BT sample show
the formation of a BT perovskite phase. We assigned the sharp
X-ray reflections at 20 = 23.6°, 32.7°, 40.5° 46.1°, 52.3° and
56.5° to (100), (110), (111), (200), (210) and (211) planes,
respectively.’! No other diffraction peaks related to BT or
significant crystalline phases were present. With the exception
of PI-BT12, the PI-BTX thin films only produced broad bands
in the XRD spectra, indicating an amorphous structure for BT
loadings up to 10%, regardless of the BT hybrid precursor

M o
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Fig. 3. XRD result for BT and PI-BTX samples.
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Fig. 4. Optical transmittance spectra of PI-BTX hybrid
nanocomposite thin films.
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BTX hybrid mixtures, as determined by TGA and DSC. All the
thermal properties were summarized in Table 1. The content.
Fig. S3 of ESI{ shows the thermal behaviors of PI-
decomposition temperature, defined as the temperature at which
5% loss of mass occurs, increases with increasing BT loading
content. For pure PI (PI-BT0) and low BT concentrations (PI-
BT2), we attributed the abrupt weight loss to a hydroxyl group,
which remained unreacted during the condensation process at
low BT content. A degradation observed at approximately 500
°C results from decomposition of the aromatic PI moiety.
Sample residues seen in the high temperature region (approx.
800 °C) correlate linearly with the amount of BT incorporated
within the PI matrix. The addition of inorganic BT enhances the
composite material’s thermal stability, for both decomposition
temperature and glass transition temperature, suggesting that
presence of the inorganic component limits segmental motion,
by forming O-BT-O bonds.

Fig. 4 shows the transmittances of coated hybrid dielectric
films over the entire visible region. Even at high BT loading
concentration, all of the PI-BTX hybrid dielectric materials
exhibit good transmittance (greater than 85% at 500 nm), and
are colorless. These properties are beneficial for applications
that require transparency such as by a transistors passivation
layer used in a high resolution and brightness electronic
display. The superior transparency of the PI-BTX hybrid may
result from the reduced formation of charge transfer complexes,
and limited electronic conjugation along the PI backbone, that
arise from the presence of fluorine moieties, the non-coplanar
PI geometry, and from the bulky BT substituents present in PI
the side chains.*
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Fig. 5. (a) Leakage characteristics and (b) capacitance vs. frequency
plots for the PI-BTX hybrid dielectrics.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 9



Page 5 0of 9

RSC Advances

Table 1. Summary of dielectric and film properties for PI-BTX hybrid dielectric film.

dielectric  thickness Ty T, water diidomethane surface RMS
materials [nm] [°C] [°C] contact angle contact angle energy roughness
] [°] [(m)m?] [nm]
PI-BTO 351 410 280 63.4 31.1 48.1 0.475
PI-BT2 360 439 302 63.6 313 48.0 4.147
PI-BT5 362 464 315 64.3 342 46.8 6.675
PI-BTS 355 469 326 66.7 37.6 44.8 8.684
PI-BT10 364 482 348 73.7 49.2 37.9 8.943
PI-BT12 358 493 352 83.5 39.8 39.8 11.924

Table 2. Summary of electrical parameters for MIM device and pentacene OTFTs based on different PI-BTX hybrid dielectrics.

dielectric  leakage current capacitanceb dielectric u V, Ion/Iorr
materials density® [nF cm?]  constant® [cm® V's!] [V] [-1
[A cm?] [-]

PI-BTO 1.17x107 9.7 3.9 3.95x10%  -3.4  1.3x10°
PI-BT2 1.85%107 13.1 5.2 3.36x107  -4.1  1.1x10°
PI-BT5 5.04x107 17.0 6.8 5.38x10%  -3.7  1.5x10°
PI-BTS8 7.27x107 19.6 8.0 5.43x10%  -4.1 1.7x10°
PI-BT10 9.89x107 24.1 9.8 2.32x10"  -0.5 1.8x10°
PI-BT12 2.76x10°° 279 113 6.38x10%2 2.6 6.7x10*

%at -2 MV cm’ %at 10 kHz

OTFTs Characteristics with PI-BTX hybrids as dielectric

The dielectric properties of the PI-BTX films are strongly dependent
on BT content. The MIM capacitor device used for quantitative
leakage current/capacitance measurements (Fig. 5) contains various
PI-BTX hybrid dielectric layers sandwiched between two Al
electrodes. Fig. 5(a) shows leakage current densities for the PI-BTX
hybrid gate dielectric films fabricated on Si substrate, with various
BT contents, as a function of an applied field. At a field strength of -
2 MV cm’', the of PI-BTX hybrid film leakage current densities are
in the range of 1.85 x 107~2.76 x 10 A cm™, slightly greater than
that for pure PI film (1.17 x 107 A cm™). Thus, the dielectric
properties of these hybrid insulators are suitable for the fabrication
of highly stable OTFTs. Fig. 5(b) shows a capacitance (C)-frequency
(F) plot for a MIM structure fabricated using PI-BTX dielectrics, for
various BT loadings. The figure reveals that increasing BT content
effectively enhances the hybrid film’s capacitance for a given
dielectric thickness. PI-BTX hybrid capacitances in the range of
13.1~27.9 nF cm™ at 10 kHz are readily obtainable, and are much
greater than the capacitances of a 350 nm-thick SiO, layer or of pure
PI (PI-BTO) film (~9.7 nF cm™). An observed linear correlation
between BT loading and frequency response was flat over the range
10 kHz~1 MHz. At lower frequencies, the capacitance increases
slightly, possibly because of increases in the response time available

This journal is © The Royal Society of Chemistry 2012

for polarization. The dielectric constants (k) were evaluated using the
following equation:
— ]GQ()A

d

c (M

Where, C is the measured capacitance, g, is the permittivity of free
space, 4 is the area of the capacitance, and d is the thickness of
dielectric layer. Table 2 summarizes the dielectric constants detected
at 10 kHz. The measured dielectric constant values for the hybrid
materials ranged from 3.9 for PI-BTO to 5.2, 6.8, 8.0, 9.8, and 11.3
for PI-BT2, PI-BT5, PI-BT8, PI-BT10, and PI-BT12, respectively.
The dielectric constant for the hybrid dielectric at 12 wt% is about
three times that of pristine PI-BTO0, but it does not induce strong
phase separation. The hybrid materials’ dielectric constant can be
raised by increasing the inorganic BT NPs content; the dielectric
constant increases with BT NPs content, because of the higher
dielectric permittivity of the well-dispersed nanofiller, isolated by
the passivating layers of polymer matrix. The BT NPs present in the
PI precursor solution undergo a condensation reaction to form the -
O-BT-O- network interface that sterically hinders the movement of
BT NPs, resulting in the uniform incorporation of BT NPs in the PI
phase. The use of this high dielectric constant inorganic
nanomaterial within the PI film affords a greater charge density at
the interface, and a smooth surface morphology that minimizes
current leakage, facilitated by use of sufficiently thick insulators.

J. Name., 2012, 00, 1-3 | 5
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Fig. 6. Transfer characteristics of OTFTs based on various PI-BTX

hybrid dielectric layers.

Thus, we prepared hybrid films for OTFTs applications, while
exercising control over the film’s dielectric constant.

BGTC pentacene OTFTs were fabricated, using PI-BTX
hybrid films as the gate dielectric. From the accumulated-mode
output plots (Fig. S4 of ESIY), all the devices exhibit typical p-
type OTFTs behaviors, suggesting that the majority of
transporting carriers in the channel are holes. We determined
the field-effect mobility (x) from the transfer curves, by
applying the Equation (2) to the saturation region.

WG

1, =5
47

uVe =V, ©)

Where, [, is the drain current, V; is threshold voltage, W and L
are the channel width and length respectively, and C; is the
capacitance per unit area of the hybrid gate dielectric. The
average field-effect mobility is calculated by plotting the square
root of I, against V,. Fig. 6 shows a representative transfer plot
for OTFTs fabricated using PI-BTX as the dielectric. The
OTFTs performance characteristics for these devices as a
function of BT concentration are collected in Table 2. All of
these hybrid dielectrics films are quite smooth, and thus device
performance is both reproducible and reliable. Devices using
the neat polyimide dielectric, PI-BT0, have a hole mobility of
3.95 x 102 cm? V' 57!, which approaches previously reported
values for pentacene-based OTFTs with other PI materials, and
that reported for use of conventional SiO, as the gate
dielectric.***” Greater hole mobility is obtainable for OTFTs
with a larger BT loading concentration, mainly because of
increased capacitance, which facilitates the accumulation of
charge carriers in the channel. Here, the PI-BT10 dielectric
provides the greatest observed mobility of 2.32 x 10 cm? V' s~
!, However, an excess of BT sites disrupt the deposition of
pentacene, as seen for the PI-BT12 dielectric based device.
Relatively high OTFTs ON/OFF current ratios, of
approximately 10° are observed for all samples. Interestingly,
all the threshold voltages are quite small, even for the neat Pls
and samples with low BT loadings; however, PI-BT12 devices
exhibit a more positive threshold voltage. The use of large
capacitance hybrid dielectrics is beneficial for reducing
threshold voltage, even to a threshold voltage of 0 V, compared
to transistor fabricated OTFTs using SiO, with a similar
thickness. The threshold voltages of OTFTs with PI-BTX
hybrid dielectrics are not significantly altered; it is possible that
the prepared hybrid dielectric can annihilate major charge traps
during the condensation reaction process. Compared with the

6 | J. Name., 2012, 00, 1-3
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characteristics of OTFTs based on PI-BT0 and PI-BT12 hybrid
dielectric layers.

PI-BTO dielectric, the electrical hysteresis behavior of PI-
BT12 shows a small change when the gate voltage is swept
continuously from 20 to -60 V and then returned to 20 V (Fig.
7). The small hysteresis arises from the unreacted hydroxyl
groups that remain in the hybrid gate dielectric.® In general,
OTFTs exhibit moderately high mobility (>107" cm? V! sh,
have an acceptable ON/OFF current ratio of approximately 10°,
and operate at low threshold voltages, close to 0 V, if the hybrid
dielectric capacitance is increased by incorporating BT at
concentrations up to 10 wt%.

Fig. S5 and S6 of ESI} show contact angle measurements for
the surfaces of the PI-BTX hybrid dielectric materials. We
quantified the surface energies of the hybrid gate dielectric by
calculation, based on the different polarities of deionized (DI)
water and diiodomethane.®* Table 1 shows contact angle data
and surface energies for the PI-BTX hybrid dielectrics. A low
contact angle at the solid surface contact with a water drop
means that the surface is hydrophilic with a large surface
energy, while a large contact angle suggests a hydrophobic
surface with low surface energy.’ The PI-BTO0 polymeric film,
which lacks added BT, exhibits a small water contact angle of
63.4°. However, hybrid gate dielectrics that incorporated BT
show increasing contact angles as the BT content increases. We
explain this observation by the fewer hydroxyl groups that are
present at greater BT concentrations, because of the
condensation reaction between functional PI and the modified
BT NPs. Our results also confirm that surface energy reduces to

()
500 nm

Fig. 8. AFM images of pentacene deposited on dielectric: (a)
PI-BTO, (b) PI-BT2, (c) PI-BT4, (d) PI-BTS, (c¢) PI-BT10,
and (f) PI-BT12.
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37.9 mJ m™ upon in the presence of 10 wt% BT. High dielectric
constant BT NPs are surrounded by the low dielectric constant
PI matrix, which reduces the NPs surface energy. In most cases,
a dielectric surface with low surface energy and high water
contact angle provides sites for organic semiconductor chain
growth.”

We characterized the morphologies of pentacene thin films
grown on PI-BTX hybrid dielectrics by AFM (Fig. 8).
Pentacene is inherently hydrophobic, and the PI-BT10 insulator
is better matched to the pentacene surface energy and is
generally compatible with pentacene growth. The size of
pentacene grain domains deposited on hybrid dielectrics
increases with BT content in the PI-BTX hybrids, thus, the
affinity of the dielectric surface for pentacene determines the
semiconductor growth rates, and the BT mobility within the
OTEFTs device (Tables 1 and 2).’ Reductions in grain size or in
the grain boundary between crystallites correlate with the
numbers of interfacial trapping sites that may disrupt charge
transport. Grain size and charge mobility increase with BT
content, from PI-BTO0 to PI-BT10. The enhanced mobility
observed in pentacene OTFTs based on the PI-BT10 dielectric
demonstrate an efficient charge transport process, because of
well-connected domains, without significant charge hopping
across grain boundaries and without disordered domains.
Insertion of the high dielectric constant hybrid film induces the
formation of greater charge carrier densities at the
dielectric/semiconductor interface, and thus, improves OTFTs
performance because of the resulting improvements in mobility
and threshold voltage. However, as the concentration of BT
content increases further to 12 wt%, device mobility falls. The
rougher morphology of the PI-BT12 surface, with its
aggregates of BT particles, features traps close to the interface,
causing significant interference with the formation of
crystalline structures. The greater boundary concentration of
small aggregated domains in PI-BT12 restricts charge transport
in the semiconductor channel.

In this study, nanocomposite dielectrics composed of PI, with
a large fraction of homogenously dispersed large dielectric
constant surface-functionalized BT NPs are compared to
previously reported direct PI blended nanocomposite materials
that do not contain any reactive sites for NPs in their PI
matrices.*** Our solution-processable hybrid dielectrics
produce improved OTFTs characteristics because of an
optimized combination of high dielectric constant inorganic
oxide NPs and host PI matrix.

Conclusions

In conclusion, a series of novel high dielectric constant PI-
BTX hybrid thin films with different inorganic loadings were
successfully fabricated for use as a dielectric material in
OTFTs. The polymer-inorganic hybrid materials featured a
covalently bonded interface, and revealed a high degree of
dispersion of BT NPs in the PI matrix. The dielectric constant
for the composite material was tunable by varying the weight
percent of BT NPs incorporated into the PI matrix, and
provided significant improvements in the dielectric properties.
The device performance (mobility and threshold voltage), and
film properties (dielectric constant, morphology, and
hydrophilicity/hydrophobicity) showed a strong correlation
with BT concentration. These findings suggest that PI-BTX
hybrid films can be tailored to meet the requirements of
practical applications. Additionally, our PI hybrid materials
illustrate a new approach towards the development of
transparent, high thermal stability, and environmental safe gate

This journal is © The Royal Society of Chemistry 2012
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dielectrics for application in the field of transistors and related
electronic devices.
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