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ABSTRACT A highly condensed epoxy—oligosiloxane resin was synthesized using a sol—gel condensation reaction of (3-glycidox-
ypropyltrimethoxysilane and diphenylsilanediol in the presence of solvent. A higher degree of condensation and a larger molecular
size of oligosiloxanes were achieved compared to a condensation reaction without the addition of a solvent. The epoxy—hybrimer
coating film was fabricated by the spin coating and thermal curing of the synthesized oligosiloxane resin. The leakage current density
and the dielectric constant decreased from 25.9 to 7.6 nA cm ™2 and from 3.16 to 3.03, respectively, by using the solvent in the
preparation. The hybrimer coating film of a highly condensed oligosiloxane resin had a high transmittance of over 90 % in a wavelength
between 300 and 800 nm. Thus, the epoxy—hybrimer coating film can be utilized as the passivation layer in the thin-film transistor.
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INTRODUCTION
hin-film transistors (TFTs) have been widely used in
| active matrix liquid-crystal displays (AMLCDs). In
AMLCDs, the general structure of TFT is a back-
channel-etch type with indium—tin oxide (ITO) pixel elec-
trodes on top of the passivation layers. Silicon nitride (SiN,)
deposited by plasma-enhanced chemical vapor deposition
(PECVD) in this structure is generally used as the passivation
layers because the passivation layers fabricated by the SiN,
film have uniform thickness over the topology of TFT and
good electrical properties. However, the high dielectric
constant (kR ~ 7) of the SiN, film can cause capacitive
coupling, degrading the TFT performance, and a low trans-
mittance below 90% of the SiN, film at the visible region
can obstruct the fabrication of AMLCDs with high resolution
and brightness. Furthermore, the PECVD process is not
eligible to meet the requirement of cost and planarization
for the large substrate size and surface topology of the
substrate (1, 2). Thus, it is desirable to develop a soluble
organic dielectric coating material with high insulation and
transparency to replace the vacuum-deposited SiN, passi-
vation film in the TFT with a large substrate size. Recently,
it has been reported that soluble siloxane-based low-k
dielectric coating materials with good insulating properties
and high transmittance (over 90 %) can be used as a passi-
vation layer in the TFT (3—6).

Inorganic—organic nanohybrid materials (hybrimers)
based on sol—gel-derived oligosiloxane have been investi-
gated for use in many optical applications owing to their
excellent transparency and easy fabrication process (7—10).
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The hybrimers, in which oligosiloxanes are dispersed in the
polymer matrix, are formed by polymerization of the
organo—oligosiloxane resins that are synthesized by a sol—gel
reaction of organosilanes. The dense molecular structure of
the hybrimers, which can be obtained by the complete
polymerization of highly condensed organo—oligosiloxane
resins, can be expected to have a low leakage current density
for the coating film to be used as the passivation layer. The
electrical characteristics of the hybrimer films such as the
dielectric constant can also be affected by the degree of
siloxane formation and organic polymerization as well as the
molecular composition. It was reported that transparent
epoxy—hybrimer was fabricated by thermal curing of the
epoxy—oligosiloxane resins synthesized by the sol—gel
condensation reaction between (3-glycidoxypropyl)trimethox-
ysilane (GPTS) and diphenylsilanediol (DPSD) (11). However,
the synthesized epoxy—oligosiloxane resins had a degree of
condensation (DOC) as low as 70 %, hardly high enough to
achieve good dielectric characteristics of the hybrimer films.
Thus, the production of highly condensed epoxy—oligosiloxane
resins to induce the improved dielectric properties in the
hybrimers is required.

In this study, we synthesized higher condensed epoxy—
oligosiloxane resins in the presence of a solvent by a sol—gel
condensation reaction of organosilanes. The molecular sizes
and species of the synthesized epoxy—oligosiloxanes were
characterized and compared to those of the epoxy—oligo-
siloxanes without the addition of a solvent. It was found that
the electrical properties of the coating film are sensitive to
the degree of siloxane formation in the epoxy—oligosiloxane
resins. The coating film of higher condensed epoxy—oligo-
siloxane resins showed the improved dielectric characteris-
tics to be used as the transparent passivation layer in the
TFT.
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Table 1. Formulation of Epoxy—Oligosiloxane
Resins

sample GPTS DPSD Ba(OH),-H,O DMAc

GD50 11.82g(0.05mol) 10.81 g(0.05mol)  0.04g
HGD50 11.82g(0.05mol) 10.81 g(0.05mol)  0.04g  7.8¢g

EXPERIMENTAL SECTION

Synthesis of Highly Condensed Epoxy—Oligosiloxane Res-
ins. Two epoxy—oligosiloxane resins with different molecular
sizes were synthesized by a sol—gel condensation reaction of
(3-glycidoxypropyltrimethoxysilane (GPTS; 98 %, Aldrich) and
diphenylsilanediol (DPSD; Gelest) as precursors and barium
hydroxide monohydrate [Ba(OH), - H,O; 98 %, Aldrich] as the
catalyst. One was synthesized by a sol—gel condensation reac-
tion without the addition of a solvent, as described in a previous
paper (GD50) (11). Another was prepared with sol—gel conden-
sation in the presence of a solvent, N,N-dimethylacetamide
(DMAC; 99 %, Aldrich) as a reaction medium (HGD50). For the
synthesis of HGD50 oligosiloxane, DPSD was dissolved in DMAc
to obtain a clear solution over 30 min at room temperature, and
then GPTS and Ba(OH), - H,O were added in this solution. The
final solution was reacted at 70 °C over 2 weeks under reflux
conditions. These reaction schemes are shown in Scheme 1. In
the case of GD50 oligosiloxane, DPSD was directly dissolved in
GPTS with Ba(OH), - H,O. Subsequently, methanol, which was
the byproduct of the sol—gel condensation reaction of the
organosilanes, was removed by vacuum heating. Both reactant
compositions had a 1:1 molar ratio of GPTS and DPSD, and the
formulation is listed in Table 1. The solution was then cooled
to room temperature and filtered through a 0.45-um-diameter
Teflon filter to remove Ba(OH), - H,O.

Characterization of Highly Condensed Epoxy—Oligosilox-
ane Resins. The formation of siloxanes and preservation of the
epoxy rings in the synthesized epoxy—oligosiloxane resins were
characterized using #°Si and 'H NMR spectroscopy (Bruker FT
500 MHz), respectively, with a sample consisting of 30 vol %
of the resin in chloroform-d. Chromium(IIl) acetylacetonate as
a relaxation agent of silicon was added at a concentration of
30 mg L™'. Fourier transform infrared (FT-IR) spectroscopy
(Jasco FT-IR 680plus) was also measured with a resolution of 4
cm™!in the wavenumber range 400—4000 cm™'. The distribu-
tion of molecular species in the epoxy—oligosiloxane resins was
examined by matrix-assisted laser desorption and ionization
time-of-flight mass spectrometry (MALDI-TOF MS). The spectra
of MALDI-TOF MS were obtained with a Voyager-DE STR 4700
proteomics analyzer (PerSeptive Biosystems) equipped with a
nitrogen laser using a wavelength of 337 nm and a pulse width
of 3 ns. To prepare the samples for MALDI-TOF MS, 2,5-
dihydroxybenzoic acid (Aldrich) and acetone were used as the
matrix and solvent, respectively. In addition, the molecular size
of the synthesized epoxy—oligosiloxanes was measured by
using small-angle X-ray scattering (SAXS). SAXS patterns were
measured using a 1.608 A synchrotron X-ray source (2.5 GeV,
beamline 4C1, Pohang Accelerator Laboratory, Republic of
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Korea). The scattering vector ranged between 0.01 and 0.2 A"
The nanosize of the epoxy—oligosiloxanes with a wide distribu-
tion of molecular weights was characterized from the radius of
gyration (Rg) quantized by a Guinier plot of SAXS. Epoxy—
oligosiloxanes were diluted with 2-butanone (98 %, Aldrich) in
a 0.7 mm mica window.

Fabrication and Characterization of Epoxy—Hyrimer Coat-
ing Films. To fabricate epoxy—hybrimer coating films based
on GD50 and HGD50 oligosiloxane resins, we used methyl
tetrahydrophthalic anhydride (MeTHPA; Kukdo Chem.) as a
thermal curing agent and N,N-dimethylbenzylamine (BDMA;
99%, Aldrich) as a catalyst to promote thermal curing. The
equivalent molar ratio between epoxy—oligosiloxane and an-
hydride was 1:1, and the amount of BDMA was at 4 mol % in
anhydride. The resins were diluted in propylene glycol methyl
ether acetate (PGMEA; 99 %, Aldrich) to fabricate hybrimer
coating films. The weight of added PGMEA was 1.5 and 2 times
compared to those of GD50 and HGD50 oligosiloxane resins,
respectively. The mixed solution was stirred at room temper-
ature for 2 h. Then, the solution was spin-coated at 3000 rpm
for 30 s on the ITO glass. The coating films were thermally cured
at 200 °C for 24 h with a heating rate of 5 °C min™'. A Au
electrode of sphere shape with a radius of 0.54 mm for electrical
characterization was deposited by thermal evaporation with a
deposition rate of 0.5 A min~".

The electrical properties of the epoxy—hybrimer coating films
such as the leakage current density and dielectric constant were
examined with an HP4194A (Agilent Technologies) impedance/
gain analyzer and a Keithley 237 source-measure unit (Keithley).

The transmission spectrum of the hybrimer coating film
prepared by HGD50 on a quartz substrate was obtained in a
wavelength between 300 and 800 nm using an ultraviolet—
visible—near-infrared (UV/vis/NIR) spectrophotometer (Shimad-
zu, UV3101PC). We used the bare quartz substrate as a refer-
ence to measure the transmission spectrum. The refractive
index of the hybrimer coating film by HGD50 was measured
using a prism coupler (Metricon, 2010) at a wavelength of 632.8
nm.

RESULTS AND DISCUSSION

Formation of Highly Condensed Epoxy—Oligo-
siloxane Resins. We measured ?°Si NMR spectroscopy to
confirm siloxane formation and calculate the DOC of GD50
and HGD50 oligosiloxanes (Figure 1a). D" and T" represent
the notations of Si from DPSD and GPTS, respectively. The
superscript “n” means the number of siloxane bonds of the
Si atoms. In Figure 1, D° (=29 ppm) and T' (=49 to —51
ppm) of HGD50 are completely removed, D' (—36 to —38
ppm) and T? (=57 to —61 ppm) decrease relative to those
of GD50, and D? (—42 to —47 ppm) and T° (—65 to —69
ppm) of HGD50 dramatically increase. The increment of D?
and T° with many siloxane bonds means that a high DOC is
obtained for the formation of oligosiloxanes (12—14).
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FIGURE 1. (a) ?°Si NMR spectra of epoxy—oligosiloxane resins. (b)
'H NMR spectrum of a highly condensed epoxy—oligosiloxane resin.

Consequently, the DOCs of GD50 and HGD50 oligosilox-
anes can be calculated using the following equation (15).

1 2 1
boC = D'+ 2D + T' 4+ 27° + 37 < 100

2D+ D DA+ T + T+ T

The DOCs of GD50 and HGD50 oligosilaxanes are 73 %
and 93 %, respectively. As expected, the DOC of HGD50
increases 20 % compared to that of GD50. The oligosiloxane
resins can be synthesized by a condensation reaction be-
tween silanol groups of DPSD and methoxy groups of GPTS.
Because the condensation reaction is limited by the viscosity
of synthesized oligosiloxane resins, the high viscosity of the
GD50 oligosiloxane resin, which was synthesized without the
addition of a solvent, results in a low DOC. On the other
hand, the presence of a solvent in the condensation reaction
causes the resin to be fluid, promoting the reaction to
produce highly condensed oligosiloxane. This causes the
solvent to act as a reaction medium and enhances the
reaction to make the increment of the DOC.

The "H NMR spectrum of a HGD50 oligosiloxane resin
was measured to confirm the preservation of the epoxy ring.
Figure 1b represents the '"H NMR spectrum of the synthe-
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FIGURE 2. FT-IR spectra of epoxy—oligosiloxane resins.

sized HGD50 oligosiloxane resin. The chemical shifts of the
epoxy ring in the HGD50 oligosiloxane resin show at 2.5 and
2.7 ppm. The chemical shift of H atoms at the C atom
directly bonded to the Si atom shows at 0.5 ppm. When the
area of the peak at 0.5 ppm is compared with the sum area
of the peaks at 2.5 and 2.7 ppm, it is possible to verify
preservation of the epoxy ring because two bands have the
same number of H atoms. The difference between the peak
areas at 0.5 ppm and the sum area of the peaks at 2.5 and
2.7 ppm does not exist in the "H NMR spectrum of the HGD
oligosiloxane resin. Depending on this result, we confirm
that the epoxy ring of the HGD oligosiloxane resin was
preserved without cleavage (11).

Figure 2 shows the FT-IR spectra to support the results
of the 25i NMR spectra. In the FT-IR spectra, the hydroxyl
group (3200—3600 cm™") is completely removed and the
Si—O—Si asymmetric stretching mode is shown at 1110 and
1065 cm™! in both of the GD50 and HGD50 oligosiloxane
resins (16, 17). On the other hand, the methoxy group peak
at 2840 cm™' and the Si—O bending mode band at 820 cm™
in HGD50 are smaller than those in GD50 (4, 18). This
represents the theory that unreacted methoxy groups are
converted into siloxane bonds because of promotion of the
condensation reaction. Thus, it is confirmed that the con-
densation reaction is promoted and more siloxane bonds
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FIGURE 3. SAXS Guinier plots (In[I(Q)] vs Q) of epoxy—oligosiloxanes.

Table 2. Radius of Gyration (Rg), Diameter of
Sphere Shape (2R;), and Length of Rodlike Shape
(Rr) Calculated from SAXS Data

sample Rg (nm) 2R (nm) Rt (nm)
GD50 0.82 2.12 2.85
HGD50 1.14 2.94 3.94

in HGDA50 are formed than in GD50 because of the addition
of a solvent as a reaction medium.

Molecular Size and Distribution of Epoxy—Oligo-
siloxanes. The sizes of the epoxy—oligosiloxanes were
calculated with the radius of gyration (Rg) obtained by SAXS.
Rg of the oligosiloxanes was determined by the following
equation from the Guinier plots [scattered intensity /(Q) vs
Q?] in the Guinier region (0.1 < RgQ < 1) of the SAXS spectra
(19).

N I
In[I(Q)] = A 3Q Ry

The Guinier plots from the SAXS results of GD50 and
HGD50 oligosiloxane resins are shown in Figure 3. The
gradient of the Guinier plots of the HGD50 oligosiloxane
resin negatively increases, meaning that Ry of HGD50 oli-
gosiloxanes is higher. The real molecular size was calculated
by Ry from the Guinier plots with the following equations
depending on their shapes.

sphere shape Ry = gRS

. 1
rodlike shape Ry = ERT

Rs is the radius of the spherical resin, Ry is the length of
the thin rodlike resin, and Ry is the radius of gyration. The
calculated 2Rs, Rr, and Ry are listed in Table 2. As sum-
marized in Table 2, it is confirmed that the molecular size
of HGD50 oligosiloxanes is larger than that of GD50. This is
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FIGURE 4. MALDI-TOF MS spectra of epoxy—oligosiloxane resins.
Peaks corresponding to trimer, tetramer, pentamer, hexamer, hep-
tamer, and octamer are represented, respectively.
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FIGURE 5. Cross-sectional SEM image of epoxy—hybrimer coating
films.

because the formation of more siloxane bonds by using a
solvent as a reaction medium causes the increased size of
the HGD50 oligosiloxanes.

We measured MALDI-TOF MS to support the SAXS results
and confirm that HGD50 oligosiloxanes have species with
high molecular weights. Figure 4 represents the results of
MALDI-TOF MS of GD50 and HGD50 oligosiloxane resins.
The MALDI-TOF MS peaks of HGD50 oligosiloxane resins are
shifted to peaks of species with high molecular weights
compared to those of GD50 oligosiloxane resins.

Electrical Properties of Epoxy—Hybrimer Coat-
ing Films. GD50 and HGD50 oligosiloxane resins, which
were diluted in PGMEA, were spin-coated on the ITO glass
substrates and thermally cured to fabricate hybrimer coating
films. The film thickness can be controlled depending on the
concentration of the oligosiloxane resin in PGMEA and was
finally fixed at around 1.5 um for electrical characterization.
As shown in Figure 5, the epoxy—hybrimer coating films are
dense, uniform, and crack-free with good adhesion with the
ITO electrode.

We examined electrical properties such as the leakage
current density and dielectric constant of the epoxy—
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FIGURE 6. Leakage current density of epoxy—hybrimer coating
films.

hybrimer coating films. Figure 6 shows the dependence of
the leakage current density of the GD50 and HGD50 hy-
brimer coating films depending on the applied electric field.
The leakage current densities at 1 MV cm™" of the GD50 and
HGD50 hybrimer coating films were 25.9 and 7.6 nA cm™2,
respectively. The leakage current density of the epoxy—
hybrimer coating films is lower than those of soluble poly-
mers such as poly(4-vinylphenol), which were reported to
have a relatively high leakage current density of around 1077
Acm™2at 1 MV cm™! (20). Also, the leakage current density
of the HGD50 hybrimer coating film was lower than that of
the previously reported siloxane-based low-k dielectric ma-
terials (3). The leakage current density of HGD50 hybrimer
coating films improved relative to that of GD50 hybrimer
coating films. Because more condensed oligosiloxanes cause
larger-sized oligosiloxanes, the HGD50 hybrimer coating film
shows enhanced insulating properties compared to the
GD50 hybrimer coating film.

Because the performance of TFT is improved by the
reduction of the capacitive coupling in the dielectric layer,
it is advisible to have a low dielectric constant of dielectric
coating films. Figure 7 represents the variation of the
dielectric constant of the GD50 and HGD50 hybrimer coating
films as a function of the frequency. The dielectric constants
of GD50 and HGD50 hybrimer coating films at 1 MHz are
3.16 and 3.03, respectively, which are lower than that of
SiO, film (3.9). The lower dielectric constant of HGD50
hybrimer coating films than that of GD50 hybrimer coating
films can be explained by the following Clausius—Mossotti
relationship (21).

=
o

(3]
+
o
<l
)
(¢
o
Q

g is the dielectric constant, p is the density, Ny is
Avogadro’s number, M is the molecular weight, ¢, is the
vacuum permittivity, and o is the polarizability.

From the Clausius—Mossotti relationship, the dielectric
constant of materials decreases with a decrease in the
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FIGURE 7. Dielectric constant variation of hybrimer coating films
as a function of the frequency.

density of the materials because a decrease of the density
means a reduction of the number of ions or dipoles contrib-
uting to the polarizability of the materials. Because the
molecular size of HGD50 oligosiloxanes, which was obtained
from SAXS results shown in Figure 3 and Table 2, is larger
than that of GD50 oligosiloxanes, a larger free volume of the
HGD50 hybrimer coating film reduces the dielectric constant
according to the Clausius—Mossotti relationship (22, 23).
Also, HGD50 oligosiloxanes are more symmetric than GD50
oligosiloxanes because dipoles originating by asymmetry
between methoxy group and siloxane bonds are diminished
with the increased D* and T° of HGD50 in the °Si NMR
spectra and the decreased methoxy peak (2840 cm™") and
Si—0 bending mode (810 cm™') of HGD50 in the FT-IR
spectra. The increment of symmetric oligosiloxanes is in-
duced to decrease the dielectric constant of the HGD50
hybrimer coating film.

Optical Transparency of the Epoxy—Hybrimer
Coating Film. For application to the passivation layer in
AMLCDs with high resolution and brightness, the passivation
layer should be transparent. The transmittance spectrum of
the HGD50 hybrimer coating films with improved electrical
properties compared to GD50 is shown in Figure 8. The
HGD50 hybrimer coating film exhibits excellent transmit-
tance over 90 % in the visible range and is colorless, as was
already reported in previous studies (10, 11). The refractive
index of the HGD50 hybrimer coating film is 1.56, which is
comparable with that of glass, so it is suitable to reduce the
efficiency loss by internal reflection.

CONCLUSION
The highly condensed epoxy—oligosiloxane resin was

successfully synthesized by a sol—gel condensation reaction
from GPTS and DPSD in the presence of a solvent as a
reaction medium. The highly condensed epoxy—oligosiloxane
had a larger molecular size and more species with high
molecular weight compared to epoxy—oligosiloxanes with
low DOC. It was possible to fabricate an epoxy—hybrimer
coating film with a thickness of around 1.5 um by spin
coating and thermal curing. Electrical properties such as the
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FIGURE 8. (a) Transmittance spectrum of HGD50 hybrimer coating
films. (b) Photograph of the HGD50 hybrimer coating film.
leakage current density and dielectric constant of the hy-
brimer coating film fabricated by a highly condensed
epoxy—oligosiloxane resin were superior to those of the
hybrimer coating film by an oligosiloxane resin with low
DOC. We also verified that the fabricated hybrimer coating
film had a high transmittance of over 90 % . Therefore, the
hybrimer coating film of a highly condensed epoxy—
oligosiloxane resin can be employed as the passivation layer
in the TFT.
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