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ABSTRACT: A new high-molecular-weight poly(triarylamine), poly[di(1-naphthyl)-4-ani-
sylamine] (PDNAA), was successfully synthesized by oxidative coupling polymerization
from di(1-naphthyl)-4-anisylamine (DNAA) with FeCl3 as an oxidant. PDNAAwas readily
soluble in common organic solvents and could be processed into freestanding films with
high thermal decomposition and softening temperatures. Cyclic voltammograms of DNAA
and PDNAA exhibited reversible oxidative redox couples at the potentials of 0.85 and
0.85 V, respectively, because of the oxidation of the main-chain triarylamine unit. This sug-
gested that PDNAA is a hole-transporting material with an estimated HOMO level of
5.19 eV. The absorption maximum of a PDNAA film appeared at 370 nm, with an esti-
mated band gap of 2.86 eV from the absorption edge. Unusual multiple photoluminescence
maxima were observed at 546 nm, and this suggested its potential application in white-
light-emission devices. Nearly white-light-emission devices could be obtained with either
a bilayer-structure approach {indium tin oxide/poly(ethylenedioxythiophene):poly(styrene
sulfonate)/PDNAA/poly[2,7-(9,9-dihexylfluorene)] (PF)/Ca} or a polymer-blend approach
(PF/PDNAA ¼ 95:5). The luminance yield and maximum external quantum efficiency of
the light-emitting diode with the PF/PDNAA blend as the emissive layer were 1.29 cd/A
and 0.71%, respectively, and were significantly higher than those of the homopolymer.
This study suggests that the PDNAA is a versatile material for electronic and optoelec-
tronic applications. VVC 2007 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 45: 1727–1736,

2007
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INTRODUCTION

Triarylamines have attracted considerable inter-
est because of their excellent hole-transport char-
acteristics for various organic electronic and opto-
electronic devices, such as light-emitting diodes,
field effect transistors, solar cells, and electro-

chromic devices.1,2 However, small molecules or
oligomers containing triarylamines easily crystal-
lize and require complicated vacuum deposition
equipment for processing into thin films, and this
limits their device applications. Such limitations
have stimulated significant interest in developing
polymers containing triarylamine units.

Various synthetic approaches have been devel-
oped to synthesize organics with triarylamine in the
main-chain unit, including Ullman reactions,3 palla-
dium4,5 or nickel-catalyzed coupling reactions,6 and
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nucleophilic substitution reactions.7 However, this
has led to products with poor solubility and lower
molecular weights. One of the first successful exam-
ples was developed by Ogino et al.,8 who reported
the oxidative coupling polymerization of 4-methyltri-
phenylamine with FeCl3 as an oxidant for the syn-
thesis of poly(triarylamine). Although it is a simple
and straightforward methodology for preparing pol-
ymeric triarylamines without introducing extra
leaving and nucleophilic groups on the monomers, it
suffers the major defect of low molecular weights.
Recently, Ueda et al.9 discovered a novel thermally
stable hole-transporting polymer, poly[di(1-naph-
thyl)-4-tolylamine] (PDNTA), based on the oxidative
coupling polymerization of triarylamine monomer
di(1-naphthyl)-4-tolylamine (DNTA) with FeCl3 as
the oxidant. Organic light-emitting diodes with
PDNTA as a hole-transporting layer have shown
excellent luminescence characteristics. Although
poly(triarylamine)s are generally regarded as hole-
transporting materials, organic light-emitting diode
devices using them as active layers have rarely been
explored because of the low quantum yield of such
polymers.

In this article, the synthesis and characterization
of a novel aromatic poly(triarylamine), poly[di(1-
naphthyl)-4-anisylamine] (PDNAA), are reported. It
was synthesized with a new monomer, di(1-naphth-
yl)-4-anisylamine (DNAA), with FeCl3 as an oxidant,
as shown in Scheme 1. The prepared PDNAA had a

high molecular weight and exhibited excellent solu-
bility and thermal properties. The electrochemical
and photoluminescence (PL) properties of the poly-
mer were prepared via the casting of a solution onto
an indium tin oxide (ITO) coated glass substrate.
Light-emitting diode devices [ITO/poly(ethylene-
dioxythiophene):poly(styrene sulfonate) (PEDOT:
PSS)/active layer/Ca/Ag structure] using the bilayer
structure of PDNAA/poly[2,7-(9,9-dihexylfluorene)]
(PF) or a PF/PDNAA blend exhibited significantly
enhanced luminescence characteristics over the PF
single layer.10,11 Besides, unusualwhite-light electro-
luminescence (EL) was discovered based on PDNAA.
This study opens new applications of poly(triaryl-
amine)s for organic light-emitting diode devices.

EXPERIMENTAL

Materials

DNTA (mp ¼ 155–157 8C) was obtained by the
palladium-catalyzed N-arylation reaction of p-to-
luidine with 2 equiv of 1-bromonaphthalene, as
shown in Scheme 1, according to a previously
reported procedure.9 p-Anisidine (Alfa Aesar;
98%), p-toluidine (Acros; 98%), 1-bromonaphtha-
lene (Acros; 98%), tris(dibenzylideneacetone)
dipalladium (Lancaster), tri-tert-butyl phosphine,
sodium tert-butoxide (Acros), iron(III) chloride

Scheme 1. Synthesis of monomers and polymers.
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(Showa), and nitrobenzene (Tedia) were acquired.
Tetrabutylammonium perchlorate (TBAP) was
obtained from Acros and recrystallized twice from
ethyl acetate and then dried in vacuo before use.
The solvents and other reagents were used as
received from commercial suppliers. PF was syn-
thesized according to our previous publication.12

Synthesis of the Monomer: DNAA

To a three-necked flask equipped with a reflux
condenser, 1-bromonaphthalene (6.833 g, 33
mmol), p-anisidine (1.847 g, 15 mmol), Pd2(dba)3
(0.340 g, 0.33 mmol), P(t-Bu)3 (0.357 g, 1.32
mmol), tert-BuONa (4.440 g, 46.2 mmol), and tol-
uene (30 mL) were added and stirred at 80 8C
until p-anisidine disappeared in TLC analysis.
The precipitate was removed, and the filtrate was
concentrated on a rotary evaporator. The residue
was extracted with ethyl acetate and dried over
MgSO4 and then was concentrated under reduced
pressure. The product was recrystallized from a
methanol/isopropyl alcohol and H2O mixture,
affording a brownish solid with a yield of 3.206 g
(56%).

mp: 182–187 8C [differential scanning calorim-
etry (DSC) at a scanning rate of 10 8C/min]. IR
(KBr) m: 3046 (Ar C��H), 2915, 2857 (C��H
stretch), 1570, 1503 (C¼¼C), 1391 (C��N), 1240,
1035 (aromatic ��C��O��C�� stretch), 775 cm�1

(naphthalene-H). 1H NMR (300 MHz CDCl3, d,
ppm): 8.07 (d, 2H, Hj), 7.87 (d, 2H, Hg), 7.65 (d,
2H, Hf), 7.46 (t, 2H, Hh), 7.35 (t, 2H, He), 7.31 (d,
2H, Hi), 7.11 (d, 2H, Hd), 6.79 (d, 2H, Hb), 6.74 (d,
2H, Hc), 3.75 (s, 3H, Ha).

13C NMR (CDCl3, d,
ppm): 154.5 (C1), 145.7 (C5), 144.4 (C4), 135.2
(C13), 129.8 (C14), 128.3 (C9), 126.0 (C7), 125.9
(C10), 125.9 (C11), 124.9 (C8), 124.4 (C6), 124.0
(C12), 123.1 (C2), 114.3 (C3). ELEM. ANAL. calcd for
C27H21NO (375.46): C, 86.37%; H, 5.64%; N,
3.73%. Found: C, 86.23%; H, 5.60%; N, 3.63%.

Polymer Synthesis

A typical example of the polymerization was as
follows: In a 50-mL, round-bottom flask fitted
with a three-way stopcock were placed DNAA
(0.375 g, 1.0 mmol), FeCl3 (0.404 g, 2.5 mmol),
and nitrobenzene (2 mL) under nitrogen. The so-
lution was stirred at room temperature for 24 h
and poured into a mixture of methanol containing
10% hydrochloric acid. The precipitate was
collected and washed thoroughly with aqueous
ammonium hydroxide. Precipitations from chloro-
form into methanol was carried out twice for fur-
ther purification to afford 0.30 g of the polymer
(yield ¼ 80%).

IR (KBr) m: 3047 (Ar C��H), 2915, 2856 (C��H
stretch), 1576, 1505 (C¼¼C), 1376 (C��N), 1245,
1038 (aromatic ��C��O��C�� stretch), 758 cm�1

(naphthalene-H). 1H NMR (300 MHz CDCl3, d,
ppm): 8.20 (d, 2H, Hj), 7.60–7.18 (Hd þ He þ Hg þ
Hh þ Hi), 6.91 (d, 2H, Hb), 6.88 (d, 2H, Hc), 3.74
(s, 3H, Ha).

13C NMR (CDCl3, d, ppm): 154.5 (C1),
145.4 (C5), 144.5 (C4), 135.3 (C13), 134.6 (C8),
129.9 (C14), 128.3 (C9), 127.7 (C7), 127.2 (C10),
125.9 (C11), 124.7 (C6), 123.8 (C12), 123.1 (C2),
114.5 (C3). ELEM. ANAL. calcd for (C27H19NO)n
(373.45): C, 86.84%; H, 5.13%; N, 3.75%. Found:
C, 86.73%; H, 5.09%; N, 3.62%.

Preparation of the Films

A polymer solution was made by the dissolution
of about 0.3 g of the polymer sample in 5 mL of
DMAc. The homogeneous solution was poured
into a 3-cm glass Petri dish, which was placed in
a 90 8C oven overnight for the slow release of the
solvent, and then the film was stripped off from
the glass substrate and further dried in vacuo at
150 8C for 8 h. The obtained films were used for
measurements of the molecular weights, solubil-
ity, and thermal properties and electrochemical
analyses.

Measurements

IR spectra were recorded on a PerkinElmer RXI
FTIR spectrometer. Elemental analyses were run
in an Elementar VarioEL-III. 1H and 13C NMR
spectra were measured on a Bruker AV-300 FT-
NMR system. Ultraviolet–visible (UV–vis) spec-
tra of the polymer films were recorded on a Varian
Cary 50 Probe spectrometer. Thermogravimetric
analysis (TGA) was conducted with a Perkin
Elmer Pyris 1 thermogravimetric analyzer. Ex-
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periments were carried out on approximately 6–
8-mg film samples heated in flowing nitrogen or
air (flow rate ¼ 20 cm3/min) at a heating rate of
20 8C/min. DSC analyses were performed on a
PerkinElmer Pyris Diamond differential scan-
ning calorimeter at a scanning rate of 20 8C/min
in flowing nitrogen (20 cm3/min). Thermomec-
hanical analysis (TMA) was conducted with a
PerkinElmer TMA 7 instrument. The TMA
experiments were conducted from 50 to 350 8C at
a scanning rate of 10 8C/min with a penetration
probe 1.0 mm in diameter under an applied con-
stant load of 10 mN.

Electrochemistry was performed with a Bio-
analytical System model CV-27 potentiostat and
a BAS X–Y recorder. Cyclic voltammetry was con-
ducted with the use of a three-electrode cell in
which glass carbon (GC) was used as a working
electrode. A platinum wire was used as an auxil-
iary electrode. All cell potentials were taken with
a home-made Ag/AgCl, KCl (saturated) reference
electrode. Absorption spectra in spectroelectro-
chemical analysis were measured with an HP
8453 UV–vis spectrophotometer. PL spectra were
measured with a Jasco FP-6300 spectrofluorome-
ter. The fluorescence quantum yields (FF) of the
samples were measured with quinine sulfate in
1 N H2SO4 as a reference standard (FF ¼ 0.546).13

Device Fabrication and Testing

The EL devices were fabricated on ITO-coated
glass substrates with a sheet resistance of 20–30
O/sq. The substrate was ultrasonically cleaned
with detergent, deionized water, acetone, and
methanol subsequently. On the ITO glass, a layer
of PEDOT:PSS, 50–60 nm thick (probed with an
Alpha-Step 500 surface profiler), was formed
through spin coating from its aqueous solution
(Baytron P 8000, Bayer). The single-layer emis-
sive layer was spin-coated at 2000 rpm from the
corresponding CHCl3 solution (1.5 wt %) on top of
the vacuum-dried PEDOT:PSS layer; the bilayer
polymeric light-emitting diode device was first
spin-coated on an ITO glass from a PDNAA solu-
tion in CHCl3. The spin-coated PDNAA layer was
dried at 80 8C, and then PF was spin-coated onto
the surface of the PDNAA films from a PF cyclo-
hexane solution. The nominal thickness of the
emissive layer was 60–70 nm. Under a base pres-
sure below 2 3 104 Torr, a layer of Ca (10 nm) was
vacuum-deposited as a cathode, and a thick layer
of Ag (100 nm) was deposited subsequently as a
protecting layer. The cathode area defined the

active area of the device, which was 0.1256 cm2 in
this study. Current–voltage characteristics were
measured with a computerized Keithley 2400
source measure unit. The luminance and Com-
mission Internationale de l’Eclairage (CIE) coor-
dinates of the device were measured with a Kon-
ica–Minolta CS-100A chromameter. The EL spec-
trum of the device was recorded on a Fluorolog-3
spectrofluorometer (Jobin Yvon).

RESULTS AND DISCUSSION

Monomer Synthesis

The monomer DNAA was synthesized by the pal-
ladium-catalyzed N-arylation reaction of p-anisi-
dine with 2.0 equiv of 1-bromonaphthalene, as
shown in Scheme 1. The product was purified by
recrystallization from a methanol/isopropyl alco-
hol and H2O mixture to give a brownish solid.
Elemental analysis and IR, 1H NMR, and 13C
NMR spectroscopy techniques were used to iden-
tify the chemical structures of DNAA.

The characteristic IR spectrum of DNAA
shown in Figure 1 presents absorption peaks at
1570 and 1503 cm�1 (the C¼¼C bond of the aro-
matic rings) and ay 1391 cm�1 (C��N). No absorp-
tion bands due to the NH2 stretching of p-anisi-
dine around 3420 and 3340 cm�1 can be observed
in Figure 1. Figure 2 illustrates the 1H and 13C
NMR spectra of DNAA. A full assignment of the
aromatic protons was required to determine the
coupling position between naphthyl units. Fig-
ure 3 shows the H–H COSY spectrum for the aro-

Figure 1. FTIR spectra of DNAA and PDNAA.
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matic region of DNAA. Aromatic signals at 6.79
and 6.74 ppm are connected with a singlet signal
at 3.75 ppm. These signals can be assigned to the
aromatic protons of the anisylamino unit. Accord-
ingly, the resonances at 8.07 and 7.87 ppm of
DNAA are assigned to the protons at positions j
and g, respectively. Because the signals at 6.79
and 6.74 ppm have been assigned to the protons
at positions b and c, the signal at 7.11 ppm is
assigned to the proton at position d. The proton at
position g is connected to a triplet signal at 7.46
ppm, and this indicates that this triplet signal is
due to the proton at position h. Other doublet and
triplet signals at 7.65 and 7.35–7.31 ppm are
assigned to the protons at positions f and e and i,

respectively. All assignments of aromatic protons
are summarized in Figure 3. Further spectral evi-
dence for DNAA is given by 13C NMR and C–H
COSY spectroscopy. There are 15 resonance sig-
nals in the 13C NMR spectrum of DNAA due to
one methoxyl carbon and 14 aromatic carbons. In
the aromatic region, five resonance peaks at
154.5, 145.7, 144.4, 135.2, and 129.8 ppm are pe-
culiar to quaternary carbons. The other aromatic
13C signals are well connected to the correspond-
ing protons, as shown in the C–H COSY spectrum
(Fig. 4). The elemental analysis of C, H, and N
also shows excellent agreement with the theoreti-
cal contents. These results suggest the successful
synthesis of the monomer DNAA.

Figure 2. 1H and 13C NMR spectra of DNAA and PDNAA in CDCl3.

POLY(TRIARYLAMINE) 1731

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



Polymer Synthesis

PDNAA could be readily prepared by the oxida-
tive coupling polymerization of DNAA with FeCl3
as an oxidant. The structure of the polymer was
confirmed by IR and 1H and 13C NMR spectros-
copy, as shown in Figures 1 and 2, respectively.
The molecular weight of PDNAA was measured
by GPC with polystyrenes as standards and THF
as an eluent, and the weight-average molecular
weight and polydispersity index were determined
to be 30,000 and 1.41, respectively. The polymer
also showed excellent solubility in common or-
ganic solvents such as chloroform and THF
(Table 1) and could readily be cast into a pale
yellow, freestanding film. This suggests that the
introduction of the 4-methoxyphenyl group into
the polymer backbone increases the solubility
and processibility of the triarylamine-containing
polymer.

Thermal Properties

DSC, TMA, and TGA were used to evaluate the
thermal properties of PDNAA. The results are
summarized in Table 1. The DSC curve exhibits
no endothermic peak or baseline shift due to the
melting point and glass transition, respectively,
but the softening temperature (186 8C) of PDNAA

was observed by TMA with a loaded penetration
probe, as illustrated in Figure 5. As revealed by
the TGA measurements, PDNAA exhibited good
thermal stability with a 10% weight loss tempera-
ture in excess of 547 8C and a char yield at 800 8C
higher than 69% in nitrogen.

Electrochemical Properties

The redox behavior was investigated by cyclic vol-
tammetry conducted with GC as a working elec-
trode in dry dichloromethane (CH2Cl2) containing
0.1 M TBAP as an electrolyte under a nitrogen
atmosphere. Figure 6 shows the cyclic voltammo-
grams of DNAA and PDNAAwith a clear reversi-
ble oxidation redox Eonset at 0.85 and 0.85 V,
respectively, even after over 300 cyclic scans. This
suggests that PDNAA has excellent stability with
respect to its electrochemical characteristics. The
HOMO energy level of PDNAA has been deter-
mined from the oxidation onset potentials. The
oxidation onset potential for PDNAA has been
determined to be 0.85 V versus Ag/AgCl. The
external ferrocene/ferrocenium (Fc/Fcþ) redox
standard E1/2 is 0.46 V versus Ag/AgCl in CH2Cl2.
Assuming that the HOMO energy for the Fc/Fcþ

standard is 4.80 eV with respect to the zero vac-
uum level, the HOMO energy level for PDNAA
has been estimated to be 5.19 eV. For comparison,

Figure 3. H-H COSY spectrum of DNAA in CDCl3.

Figure 4. C-H HMQC spectrum of DNAA in CDCl3.
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the cyclic voltammetry of PDNTA has also been
studied, and it has been estimated to have a
HOMO energy level of 5.28 eV (Table 2). Hence,
the replacement of the methyl substituent by the
more electron-donating methoxy group not only
increases the HOMO energy level but also stabil-
izes the oxidized form of the polymer.
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Figure 5. TMA curve for PDNAA (heating rate ¼
108C/min; applied force ¼ 10 mN).

Figure 6. Cyclic Voltammograms of (a) ferrocene (b)
DNAA (c) PDNAA in CH2Cl2 containing 0.1 M TBAP.
Scan rate ¼ 0.05 V/s.
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Optical Absorption and PL Properties

The UV–vis absorption and PL spectra of PDNAA
were investigated in a dilute solution (10�5 M) of
NMP and in a thin-film state at room tempera-
ture (Fig. 7); the results are listed in Table 2.
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Figure 7. UV-Vis absorption and photoluminescence
spectra of PDNTA and PDNAA in NMP solution and
solid state film. Solution and thin film of PDNTA and
PDNAAwere excited by UV irradiation at 365 nm.

Figure 8. Electroluminescence spectra of PDNAA,
PF, PF/PDNAA bilayer, and PF/PDNAA (95:5) blend.
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Figure 7 shows the UV–vis absorption and PL
spectra of PDNTA and PDNAA, respectively. The
absorption maxima of PDNAA in the NMP solu-
tion and solid-state film can be observed at 363
and 370 nm, respectively, with an onset of 433
nm. The estimated optical band gap of the
PDNAA is around 2.86 eV, which is close to that
of PDNTA reported in the literature.9 PDNAA in
the NMP solution exhibited a maximum blue fluo-
rescence peak at 478 nm with a quantum effi-
ciency of 10% in comparison with that of quinine
sulfate. However, luminescence peaks at 546 nm
were found for the solid-state films. Such a vibra-
tional-structure-like emission probably occurs
because the polymer geometry becomes more co-
planar in the excited state.14 It also indicates that
the coplanar geometry of triarylamine units is
probably induced in the solid-state film of
PDNAA. The multiple luminescence peaks sug-
gest the potential applications of PDNAA for
white-light-emission devices.

Device Fabrication and EL Properties

The EL spectra of devices based on PF, PDNAA,
PF/PDNAA, and PF/PDNAA (95:5), shown in
Figure 8, have emission maxima at (422, 446,
477), 529, (422, 447, 479), and (429, 447, 524),
respectively. A comparison of the shapes of the
spectra shows that the PF/PDNAA bilayer is an
intermediate between the homopolymers of PF
and PDNAA, but the PF/PDNAA blend is a super-
imposition of PF and PDNAA. Because there is no
significant overlap between the PL of PF and the
absorption of PDNAA, Forster energy transfer
probably does not occur in this case, and this
explains the EL spectra of the bilayer or blend.
However, such multiple emissions could be impor-
tant for white-light-emitting diodes because their
emission spectra cover all of the visible range. As
shown in Table 3, the CIE 1931 coordinates of the

polymer bilayer and blend devices are (0.300,
0.372) and (0.299, 0.384), which are close to those
of the pure white-light emission of (0.33, 0.33).
The brightness (cd/m2), luminescence yield (cd/A),
and external quantum yield (%) of the PF/PDNAA
bilayer and polymer blend based devices are (215,
0.120, 0.08) and (2600, 1.290, 0.71), respectively,
as shown in Table 3. The luminance yield and
external quantum efficiency of the bilayer device
are smaller than those of the PF device. This is
probably due to the relatively low luminescence
yield (0.014 cd/A) and external quantum effi-
ciency (0.01%) of PDNAA. The luminance inten-
sity of the PDNAA/PF bilayer device could be
higher than that of PF because the electron-
transporting barrier at the PDNAA/PF interface
increases the exciton recombination efficiency of
the emitting layer. Note that the electron affin-
ities of PF and PDNAA are 2.4412 and 2.33 eV
(estimated from the difference between the opti-
cal band gap of 2.86 eV and the HOMO level of
5.19 eV), respectively, and thus an electron-trans-
porting barrier of 0.11 eV exists on the interface.
However, the EL characteristics of the device
based on the PF/PDNAA (95:5) polymer blend are
significantly higher than those of PF and PDNAA.
The polymer blend probably has a much higher
interface area between PF and PDNAA than the
bilayer structure. Thus, the electron-blocking
property of PDNAA in the blend significantly
enhances the luminescence yield, which is about 6
times higher than that of the PF device. The mul-
tiple-emission and hole-transporting characteris-
tics open another possible approach for achieving
high-brightness white-light-emission devices.

CONCLUSIONS

A new poly(triarylamine) (PDNAA) was success-
fully synthesized by oxidative coupling polymer-

Table 3. EL Characteristics with PF, PDNAA, PF/PDNAA Bilayer, and PF/PDNAA Blend (95:5) Active Layers

Active Layer Bias (V)
Emission
kmax (nm) CIE (x, y)

Brightness
(cd/m2)

Luminance
Yield (cd/A)

EQE
(%)a

PF 10 422, 446, 477 0.179, 0.186 184 0.218 0.22
PDNAA 26 529 0.447, 0.497 31.6 0.014 0.01
PF/PDNAA
bilayer

32 422, 447, 479 0.300, 0.372 215 0.120 0.08

PF/PDNAA
blend (95:5)

27.5 429, 447, 524 0.299, 0.384 2600 1.290 0.71

a External quantum efficiency.
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ization with FeCl3 as an oxidant. It was very solu-
ble in common organic solvents and exhibited
high thermal stability. PDNAA is a hole-trans-
porting material with an estimated HOMO level
of 5.19 eV. The absorption maximum of the
PDNAA film was found at 370 nm, with an esti-
mated band gap of 2.86 eV from the absorption
edge. Nearly white-light-emission devices could
be obtained with either a bilayer-structure
approach (ITO/PEDOT:PSS/PDNAA/PF/Ca) or
polymer-blend approach (PF/PDNAA ¼ 95:5). The
luminance yield and maximum external quantum
efficiency of the light-emitting diode with the PF/
PDNAA blend as the emissive layer were 1.29 cd/
A and 0.71%, respectively, and were significantly
higher than those of their homopolymers. This
study suggests that PDNAA is a versatile mate-
rial for electronic and optoelectronic applications.

The authors are grateful to the National Science Coun-
cil of the Republic of China for its financial support of
this work.
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