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Novel high-κ thin composite films with excellent breakdown strength were synthesized using
nonhydrolytic sol-gel processing. Organic-inorganic hybrid materials with high electronic polariz-
ability were prepared as the matrix material to form a covalently bonded interface with the organ-
ically modified barium titanate (TBT) nanoparticles through a chemical cross-linking reaction. To
enhance the dispersion stability of barium titanate (BT) nanoparticles in the matrix, the chemical
nature of their surfaces was modified using diethyl 3-(trimethoxysilyl)propyl phosphonate (TMSP),
whichwas synthesizedby theMichaelis-Arbuzov reaction of chloropropyltrimethoxysilane (CPTMS)
with 3-triethyl phosphate (TEP). A high degree of dispersion of the dielectric BT nanoparticles
significantly improved the dielectric properties of the final composite films. Because thematrix consists
of both silane and halogenated bisphenol A moieties with high electronic polarizability, adjusting the
chemical composition allowed tailoring of the dielectric and film properties of the final composite
materials.

Introduction

High-performance dielectric materials, known as high-
κ materials, are expected to play increasingly important
roles in the next generation of electronics and very large
scale integrated (VLSI) microelectronics technology.1-10

Silica-based ceramic materials, such as silica (SiO2),
1

hafnium silicate (HfSiO4),
8 and zirconium silicate (ZrSiO4),

8

arecommon interlayerdielectricmaterialsused inhighdensity
microelectronic packaging. Barium titanate (BaTiO3, de-
noted as BT)7 is one of well-known dielectric materials that
is also used in a variety of semiconductor devices owing to its

high and frequency-independent permittivity with low
dielectric loss.7,11-13 These inorganic compounds have
the disadvantages of limited tunability of their own di-
electric properties, high production cost and poor proces-
sability. Polymeric materials have been also been used
in the electronic packaging industry on account of their
versatility, flexibility, lightweight, low cost, and ease of
modification with high dielectric strength. However, re-
gardless of the chemical nature of the polymer backbones
and alternating current frequency,most of these covalently
bonded polymers have relatively low dielectric constants
(<9), which limits their extensive use in themicroelectronic
packaging and passive semiconductor industry.14

Recently, a variety of polymer composite materials, in
which two or more different phases with complementary
physical properties were combined, were developed to
achieve material properties superior to those of single
organic or inorganic components.15-18 Their advantages
of flexibility, lightweight, low cost, and ease of process-
ing, as well as tunable properties, make them potentially
applicable in a variety of fields. Moreover, their dielectric
properties can also be tuned by changing the composition
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of the fillers or chemical nature of the polymeric materials.
The polymers used to produce high-κ composite materials,
include polyimide,15,18 polycarbonate,15 and thermo-
setting resins,17,19 which are relatively easy to fabricate
and can be processed into thin films by wet processing.
BT, Pb(ZrTi)O3, and PbTiO3 have been used as inorganic
fillers for dielectric applications.20 Although these compo-
site materials have many advantages, such as tunable
dielectric behavior, easy fabrication and low production
cost, they experience significant dielectric loss, particularly
at themoderate to high ceramic loadings needed to achieve
the optimum dielectric performance in semiconductor
devices.
As part of an ongoing search for newmaterials suitable

for interlayer dielectrics in thin film packaging, this study

synthesized a novel high-κ thin composite film with ex-

tremely high breakdown strength. To this end, organic-
inorganic hybrid materials with high electronic polariz-

ability were prepared as the matrix material to form a

covalently bonded interface with the organicallymodified

BT nanoparticles through a chemical cross-linking reac-

tion. The main reason for using this hybrid matrix is to

achieve a high degree of dispersion of the dielectric BT

nanoparticles, which significantly improves the dielectric

properties of the final composite films. Since the matrix

consists of both silane and halogenated bisphenol A moie-

ties with high electronic polarizability, adjusting the che-

mical composition may allow tailoring of the dielectric

properties of the final composite materials. Another ad-

vantage is the excellent mechanical integrity, as evidenced

by its flexibility, toughness, and adhesion, which can be

tailored tomeet theneeds of specific electronicapplications.

A facile nonhydrolytic sol-gel processing method can be

used to produce crack-free composite filmswith no remain-

ing traces of solvents.21-27 This method avoids the high

volume shrinkage during further treatment of the films,

making it suitable for soft molding processes.

Experimental Section

Materials. Triethyl phosphite (TEP, 98%), 3-(trimethoxysilyl)-

propylmethacrylate (ATMS, 98%), 4,40-(hexafluoroisopropyldene)-
diphenol (FBPA, 97%), barium hydroxide monohydrate (98%),

and 2,20-dimethoxy-2-phenyl-acetophenone (DPA, 99%) were

purchased from Aldrich. BT nanoparticles with a mean diameter

of 50-80 nm were obtained from Alfa Aesar. 3-Chloropropyltri-

methoxysilane (CPTMS, 98% was supplied by JSI silicone, and

polydimethylsiloxane (PDMS, Sylgard 184) was acquired from

DowCorning.All chemicals and solventswereusedwithout further

purification.

Characterization. The 1H spectra were recorded on a Varian

Unityinova 400 spectrometer at 400 MHz and were referenced

to tetramethylsilane (TMS). FTIR spectra were obtained with

a Nicolet, Magna 7509 spectrometer. Fibrous sample were

reduced to small pieces before mixing with potassium bromide,

by cutting with scissors to very short length and rolling in a mill

to film-like geometry. Transmission electronmicroscopy (TEM)

and scanning electron microscopy (SEM) measurements of the

BT and TBT nanoparticles were conducted on a Phillips CM-

220 and Hitachi S-4200, respectively. The complex dielectric

constant of the composite films was measured at frequencies

(Hz) of 1 � 103 to 1 � 106 with excitation of 1 V using an LCR

meter. A series of thin films of composite materials were pre-

pared by spin-coating viscous solutions onto an ITO substrate,

followed by photocuring under UV irradiation (λ=365 nm).

Parallel plate type capacitors of the composite films were then

prepared by evaporating the Ag electrodes on the top of the thin

composite film.Dielectric breakdown strength wasmeasured by

a Keithley 236 Source Measurement Unit by sweeping the

applied voltage up to 15 V and estimated by the specific voltage

at which a sharp increase of current occurs. Electrodes for

breakdown strength are the same as those used for dielectric

constant measurement. In detail, the composite was deposited

on a In2O3:Sn (ITO)-coated glass and the Agwas evaporated on

the top of the composite with area of 4 mm2. After the Cu wires

were attached on both Ag and ITO electrodes, the heat treat-

ment at 150 �C for 5 min was performed for good adhesion. The

average thickness of the spin-coated films was approximately

3 μm, and the volume fraction of the nanoparticles in the mix-

ture was 14%.

Synthesis of Diethyl 3-(trimethoxysilyl)propyl Phosphonate

(TMSP).TMSPwassuccessfully synthesizedbyMichaelis-Arbuzov

reaction of chloropropyltrimethoxy-silane (CTMS) and 3-triethyl

phosphate (TEP). 1H NMR (CDCl3, ppm): δ 3.95 (q, 4H, -O-
CH2CH3), 3.43 (s, 9H,-OCH3), 1.63-1.69 (m, 4H,-PCH2CH2-
and -PCH2CH2-), 1.20 (t, 6H, -O-CH2CH3), 0.63 (t, 2H,

-Si-CH2CH2-).

Figure 1.
1H NMR spectra of diethyl 3-(trimethoxysilyl)propyl phos-

phonate (TMSP).
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Results and Discussion

Surface Modification of BT Nanoparticles. The disper-
sion stability and aggregation behavior of ceramic nano-
particles in polymermatrices are some of the key variables
for determining the dielectric and film properties of
ceramic/polymer composites. It was reported that the
dielectric constant of polymer composite films containing
nanometer-sized BT particles increases with increasing

volume fraction of BT particles.28 However, most poly-
mer composite films with high BT loadings often contain
aggregates of BT particles, which cause voids or cavities
near the interfaces with thematrix that reduces the break-
down strength and dielectric performance of the final
composite films in many practical uses. To enhance the

Scheme 1

(28) Kobayashi, Y.; Tanase, T.; Tabata, T.; Miwa, T.; Konno, M.
J. Eur. Ceram. Soc. 2008, 28, 117–122.
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dispersion stability of the BT nanoparticles in the matrix,
we modified the chemical nature of their surfaces using
TMSP, which was synthesized by the Michaelis-Arbuzov
reaction29,30 of CPTMS with TEP. In this reaction, 120
mL of TEPwas heated to 130 �Cwith stirring followed by
the slow addition of 60 mL of CTMS over 90 min while
heating to 150-160 �C. The mixture of CTMS and TEP
was stirred continuously for an additional 12 h under
reflux and then cooled to room temperature. Excess
TEP and other possible impurities were removed under
reduced pressure through a short path distillation appa-
ratus. The crude product was purified by vacuum distilla-
tion at 120 �C. The chemical structure of the final product
TMSP was confirmed by 1HNMR, as shown in Figure 1.
Scheme 1 gives a schematic diagram of the synthetic
pathway of TMSP.
For the surface modification of the BT nanoparticles,

the BT nanoparticles were initially dispersed in a 95:5
(v/v) ethanol/H2O mixture, followed by the addition of
0.2 g of TMSP. TMSP was added to 10 mL of a 95:5 (v/v)
ethanol/H2O mixture containing 0.4 g of the raw BT
nanoparticles to obtain the TMSP-coated BT nano-
particles (TBT). The mixture of BT and TMSP was
ultrasonicated for 10 min and stirred at 80 �C for an
additional 1 h. These TBT nanoparticles were separated
by centrifugation and rinsed 3 times with excess absolute
ethanol with ultrasonication at room temperature fol-
lowed by centrifugation. After washing, the TBT nano-
particles were freeze-dried. It was reported that most of
the phosphonate compounds as a surface modifier is
bound to the surface of BT nanoparticles in a tridentate
form, as shown in Scheme 1. The successful grafting of
TMSP on the surfaces of the BT nanoparticles was
confirmed by TEM and EDS, as shown in Figure 2.
As described earlier, the chemical modification of BT

nanoparticles can lead to a high degree of dispersion in
the hybrid matrix. The strong binding ability of TMSP
onto the surfaces of the BT nanoparticles can be provided
by its phosphonate unit at one end. The trimethoxysilane
moiety of TMSP provides the affinity with the hybrid
matrix sol and the ability for the reaction with the silane-
based hybridmatrix to achieve a high degree of dispersion
without voids or cavities bothwithin thematrix and in the
interfacial region between the organically modified BT
nanoparticles and hybrid matrix. BT particles with aver-
age diameters of 50-80 nmand 4 μmare denoted as BT65
and BT400, respectively, and were used for the grafting
reaction with TMSP. The corresponding organically
modified BT65 and BT400 particles prepared by a reac-
tion with TMSP are denoted as TBT65 and TBT400,
respectively.
The successful grafting of TMSP onto the surfaces of

the BT nanoparticles was confirmed by transmission
electron microscopy (TEM) and energy dispersive spec-
troscopy (EDS). Figure 2a shows TEM images of TBT65.

In this figure, the nanoparticles were coated uniformly
with the organic layer of TMSP, confirming the successful
grafting of the organic layer onto the BT nanoparticles.
The EDS data of the TBT65 nanoparticles, as shown in
Figure 2b, clearly shows Si, P, and C peaks due to the
organic layer, also indicating the formation of the organic
layer on the BT nanoparticles.
High-K Composite Films. To prepare the composite

material with TBT nanoparticles by sol-gel processing,
3 g of ATMS and 0.1 mol% of the total silane compound
of Ba(OH)2 3H2O were mixed at 80 �C under dry N2

conditions. Ba(OH)2 3H2O was added as a catalyst to pro-
mote a condensation reaction between two components.
TBT65 or TBT400, as the inorganic fillers, was then added
to the mixed sol of ATMS and Ba(OH)2 3H2O. The organic
diol of 4,40-(hexafluoroisopropyldene)diphenol (FBPA,
97%) was then added continuously to mixtures of the
ATMS/Ba(OH)2 3H2O containing the TBT particles, and
stirred for 30 min to form the silica-type networks based
on Si-O-Si bonds through the nonhydrolytic sol-gel
reaction.Theamountof theFBPAdiolwas fixed to30mol%
ATMS, while that of catalyst was fixed to 0.1 mol % of

Figure 2. (a) Transmission electronmicroscopy (TEM) imageof theTBT
nanoparticles with average diameters of 50-80 nm and (b) their energy
dispersive spectroscopy (EDS) data.
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the total amount of the silane compound. The mixed sol
was kept at 80 �C for an additional 4 h to allow the reac-
tion to proceed under sonication. After the reaction, the
resulting solution was kept at 100 �C for 2 h in a vacuum
oven to remove the methanol and other impurities, and
then cooled to room temperature.
The photopolymerization of the unreacted CdC bonds

of ATMS was performed using 2,2-dimethoxy-2-phenyl-
acetophenone as a UV initiator. The concentration of the
photoinitiator was 2 mol % of the total CdC bonds in
ATMS and the volume fraction of the TBT nanoparticles
of 14% was used to maintain the flexibility of the final
composite films. Thin films of the final, viscous composite
solutions were obtained by spin coating onto a glass sub-
strate at rotation speeds between 800 and 1500 rpm. The
spin-coated films were exposed to UV light for cross-
linking at room temperature. The cured films, covered by
poly(dimethyl siloxane) film were heat-treated for 30 min
at 70 �C for postcuring. FBPA was reacted with ATMS
to form inorganic silica-type networks based on the
Si-O-Si bonds in the sol-gel reaction.
FTIR absorption spectroscopy data, demonstrated in

Figure 3 was performed on the as-prepared hybrid gel
(curve a) and cured film after exposure to UV light for
5 min (curve b). The peak at 1638 cm-1, which was
assigned to the CdC bond of the ATMS precursor, had
disappeared in the cured film. This indicates that theCdC
bonds of ATMS had transformed completely into the
C-C bonds during photopolymerization. The peak for
the CdO band (1720-1740 cm-1) was also shifted to a
higher wavenumber due to the absence of conjugation
with the CdC bond after photopolymerization. The
change observed in the FTIR absorption spectra was
attributed to the complete transformation of the CdC
bonds of the methacrylate groups to C-C bonds during
UV-induced photopolymerization. These films were ther-
mally stable up to almost 400 �C and exhibited less than
10%weight loss when heated to 400 �C. The slight weight
loss near 100 �Cwas due mainly to the evaporation of the
remaining methanol or water on the samples during the
heating process. These films were removed easily from the

ITO substrate without any deformation, and they showed
excellent toughness and strength when subjected to elon-
gation testing.
Images a and b inFigure 4 showSEM images of a cross-

section of the spin-coated films containing TBT65 and
BT65 nanoparticles, respectively. In Figure 4a, the com-
posite film exhibited excellent wetting with the ITO
substrate, and their film-to-air surfaces were flat and
smooth without voids, indicating excellent peel strength
and solder resistance suitable for printed wiring applica-
tions. In this image, the TBT65 particles were covered
completely by the hybrid matrix, displaying excellent
interfacial adhesion of the TBT particles to the hybrid
matrix. This excellent interfacial quality was obtained by
a sol-gel reaction between the trimethoxysilane units of
TMSP, which were located on the TBT nanoparticles and
the silane moieties of the hybrid matrix of ATMS and
FBPA at their interfaces. In addition, the hydroxyl units,
possibly located on the TBT nanoparticles have strong
affinity with the hybrid matrix, containing both siliane
and hydroxyl moieties. In Figure 4b, the composite
films with the unmodified BT nanoparticles, which were
prepared under the same conditions as those used in

Figure 3. FTIR absorption spectra of (a) the as-prepared hybrid gel and
(b) the cured film after being exposed by UV light for 5 min.

Figure 4. Scanning electron microscopy (SEM) images of cross-sections
of the as-cast films of organic-inorganic hybrids with the (a) TBT65 and
the (b) BT65 nanoparticles.
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Figure 4a, exhibited a rough and nonuniform film surface
along with aggregates of BT particles within the matrix.
This suggests that grafting of TMSP on the BT nano-
particles is essential for achieving smoother, defect-free
thin films with a high degree of dispersion and interfacial
quality of the BT nanoparticles in the hybrid matrix. The
thickness of the spin-coated layer could be adjusted from
the nanometer to micrometer scale simply by changing
the composition of the ATMS and FBPA in the matrix.
It was reported that the dielectric properties of the

composites with BT nanoparticles strongly depend on
their size and relative content in the mixture.31 The
dielectric constants of BT nanoparticles and their com-
posites with polymers are much smaller than that of the
bulk BT, and increase with increasing volume fraction of
BT particles in the composites. Those measured from the
composites with BT particles with a diameter, ranging
from 78 nm (calculated dielectric constant of approxi-
mately 176) to 442 nm (calculated dielectric constant of
approximately 273) in epoxy resins (calculated dielectric
constant of approximately 4.5) were reported to be
approximately 9-10 at a 14-15 vol % BT loading.31

These calculated dielectric constants were based on the
Lichtenecker equation, which is used to predict the
effective dielectric constant of polymer/ceramic com-
posite systems.32

Dielectric Properties. The measured ε1 value of the
epoxy composites with the BT powders ranged from
approximately 4.5 to 40 as the volume fraction of the
BT powders in the composites increased from 0 to 50%.
More recently, the dielectric constant of poly(vinylidene-
co-hexafluoropropylene) [P(VDF-HFP)] composites
with the surface-modified BT particles with an average
diameter of 120 nm reached 43 (at 1 kHz) at 50 vol %
BT.15 The increase in the ε1 of the composite films with
the BT nanoparticles originated from the addition of
dielectric BT nanoparticles with high permittivity. How-
ever, the further addition of BT particles inmost BT-filled
composites leads to a gradual decrease in the ε1 value,
which is due mainly to the formation of voids and
interfacial defects, induced by aggregation or agglomera-
tion between excess BT particles.
The complex dielectric constant (= ε1 þ iε2) of the

composite films was measured at frequencies (Hz) of
1 � 103 to 1 � 106 with excitation of 1 V using an LCR
meter. A series of thin films of composite materials were
prepared by spin-coating viscous solutions of the mix-
tures of TBT nanoparticles with theATMS/FBPAhybrid
matrix sol on to an ITO substrate, followed by photocur-
ing under UV irradiation (λ=365 nm). Parallel plate type
capacitors of the composite films were then prepared by
evaporating the Ag electrodes on the top of the thin
composite film. The average thickness of the spin-coated
films was approximately 3 μm, and the volume fraction of
the nanoparticles in the mixture was 14%.

Figure 5 shows the dielectric constant (ε1) measured
from the host matrix film of ATMS/FBPA, and the
composite films with BT65 (0), TBT65 (9), BT400 (O),
and TBT400 (b). For each sample, at least several mea-
surements were performed to reach a systematic average.
In Figure 5, the measured ε1 of the host matrix film
of ATMS/FBPA was 13 at 1 kHz, which is relatively
high compared to those measured from conventional
polymeric materials due to the presence of an aromatic
bisphenol A unit of FBPA with high electronic polariz-
ability. The measured values of ε1 of the composite films
containing TBT65 and TBT400 (TMSP-coated BT400)
were 25 and 62 at 1 kHz, respectively, which are much
higher than that measured from the host matrix film. In
particular, the measured ε1 of the composite films with
TBT400 was approximately 44% higher than that pre-
viously reported for dielectric composites containing
BT nanoparticles.15 The ε1 value of the TBT composite
films could be improved further by the addition of
TBT nanoparticles, but <14% TBT or BT nanoparticles
was used in this study to maintain the flexibility of the
final composite films for potential flexible device appli-
cations.
The measured ε1 from the composite film with the

TBT65 and TBT400 nanoparticles was approximately 9
and 13% higher, respectively, than those measured from
the composite with the BT nanoparticles (23 and 55 for
the composites with BT65 and BT400 nanoparticles,
respectively). The large ε1 value from the composites with
TBT particlesmay be due to a high degree of dispersion of
the surface-modified TBT nanoparticles, which had been
isolated by very thin passivated layers of ATMS/FBPA
matrix, forming many nanoscale capacitors, leading to
composite films with a very large dielectric constant.33 As
shown in Figure 4, a part of the BT65 nanoparticles forms
agglomerates in the matrix, whereas most TBT particles
were well dispersed and coated completely with the
matrix of ATMS/FBPA. The better dispersion of TBT

Figure 5. Dielectric constant (ε1) measured from the host matrix film of
ATMS/FBPA (þ), and the composite films with BT65 (0), TBT65 (9),
BT400 (O), and TBT400 (b).
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(32) Mazur, K. Plast. Eng. 1995, 28, 539–610. (33) He, F.; Lau, S.; Chan,H. L.; Fan, J.Adv.Mater. 2009, 21, 710–715.
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nanoparticles in the matrix was mainly due to the pre-
sence of an organic layer of TMSP attached to the BT
nanoparticles, which causes steric hindrance between the
TBT particles and prevents aggregation of the dispersed
phase both in the mixture sol and in the final composites.
The silane units of TMSP were also reacted with those of
ATMS in the ATMS/FBPA matrix during the sol-gel
reaction, which produces a networklike interface with the
hybrid matrix. Moreover, the porosity and interfacial
defects could be prevented by a sol-gel reaction at the
interfaces.
The large increase in ε1 value from the TBT and BT

composite films even at low particle loadings was due
partly to the polar matrix of the ATMS and FBPA units,
which improves the dispersibility of BT nanoparticles in
the matrix. Under these circumstances, the dielectric TBT
or BT nanoparticles were surrounded by the polar matrix
of the ATMS and FBPA units, which causes a large in-
crease in the dielectric constant of the final films. The
halogenated, aromatic bisphenol A units of FBPA ex-
hibited high electronic polarizability in an external elec-
tric field, whichmight induce orientational and interfacial
polarization, particularly at the interfaces with dielectric
particles based on the percolation theory in the case of a
high degree of dispersion of dielectric BT nanoparticles.34

Figure 6 shows the dielectric loss tan δ (=ε2/ε1) of the
composite films with BT and TBT nanoparticles as a
function of the frequency. The dielectric loss decreased
with increasing frequency from 1 kHz to∼10 kHz,mainly
due to the space charge effect, but thereafter became
almost constant within a narrow range of 0.01-0.02. At
a high frequency of 1MHz, all measured loss values were
quite low (e0.01). Such low dielectric loss was obtained
by the presence of a dense, nanoscale TMSP-coated
or passivated layer onto the particles, which forms an
insulating boundary outside of the dielectric cores to
restrict charge transfer between the dielectric nano-
particles. In Figure 6, the loss values of the composites
containing the TBT65 and TBT400 nanoparticles were
always lower than those containing the corresponding
BT65 and BT400 nanoparticles, respectively, indicating
that the TMSP passivated layers of nanoparticles play a
key role in minimizing the mobility of charge carriers,
thereby ensuring composites with dielectric nanoparticles
with low dissipation factors. The dielectric loss of the
composites of the surface-modified BT with the ATMS/
FBPA host matrix was <0.01 at 1 MHz because of the
improved dispersibility and interfacial adhesion of BT
particles in the ATMS/FBPA host matrix. The surface
modification by phosphonic acid improves the adhesion
of BT nanoparticles with the matrix and decreases the
porosity or interfacial defects, leading to a decrease in
dielectric loss of the composites.
The breakdown strength, which is defined as the maxi-

mum electric field needed to cause dielectric breakdown
through thematerial, was accompanied by a sharp increase
in current density. Figure 7 shows the breakdown strength

of the composites with the TBT65 particles. The break-
down field was 263 V μm-1, which was larger than that
for conventional polymeric materials. As demonstrated
in Figure 7, a high breakdown strength and low leakage
current of the composite films were obtained by effective
surface modification and a high degree of dispersion of
the TBT65 particles within the matrix. As shown in
Figure 1, the BT particles were coated completely with
the thick TMSP organic layer that provides reactive sites
for the silane units of ATMS in the matrix, and reduces

Figure 6. Dielectric loss tanδ (= ε2/ε1) for the composite filmswithBT65
(O) and TBT65 (b) nanoparticles (top); and BT400 (O) and TBT400
(b) nanoparticles (bottom) as a function of frequency.

Figure 7. Breakdown strength of the compositeswith theTBT65particles.

(34) Miyamoto, T.; Shibayama, K. J. Appl. Phys. 1973, 44, 5372–5376.
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the leakage currents and sources of runaway conduction
that can lead to dielectric breakdown.

Conclusions

Aseries of novel high-κ thin composite filmswere success-
fully synthesized using nonhydrolytic sol-gel processing.
The organic-inorganic hybridmaterial with high electronic
polarizability was prepared and used as the matrix material
to form a covalently bonded interface with the organically
modified BT nanoparticles. A high degree of dispersion of
the dielectric BT nanoparticles in the matrix with high

electronic polarizability significantly improves the dielectric
properties of the final composite films such as high dielectric
constant and excellent breakdown strength. In addition,
these final composite films display the excellent mechanical
integrity, as evidenced by its flexibility, toughness, and
adhesion, which can be tailored tomeet the needs of specific
electronic applications.
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