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We demonstrated that in a nanocrystalline TiO,/poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-
PPV) composite, electroluminescence of this composite is enhanced via addition of TiO, nanoneedles. The TiO,
nanoneedles enhance the partial crystallization of MEH-PPV around TiO,, which in turn causes a decrease in the hole
barrier height and an increase in hole mobility. The /-7 measurement was established on an indium tin oxide/MEH-
PPV:TiO,/Al device to identify the electrical properties of the composites.

Introduction

In the past few decades, conjugated aromatic polymers
have attracted considerable interest because of their diverse
applications, ranging from electronic devices to light-
emitting diodes and photovoltaic devices [1-9]. Although
these polymers exhibit moderate photoluminescence (PL)
quantum efficiencies and good thermal stabilities, their
application in light-emitting diode devices is hampered by
the formation of chain aggregates in the solid state [10].
Many studies have attempted to enhance the quantum
efficiency by controlling the conjugation length [11, 12],
blending with small organic molecules [13], changing the
polymer structures to form asymmetric poly(this p-phenyl-
ene vinylene) derivatives [8], or using an electron-trans-
porting layer [9]. The major approaches to improve the
luminescent efficiency of polymers are attaching bulky
side groups or silsesquioxane to the main-chain structures
to alter the polymer interchain distance [14].

In recent years, greater interest has been directed
toward the study of hybrid organic/inorganic nanostruc-
tures, owing to the possibility of combining the electrical
properties of semiconducting organic polymers with the
optical peculiarities of inorganic nanostructures like rods,
particles, and thin films [15-30]. The energy transport and
electron transport properties of these conjugated polymer/
inorganic nanocrystals nanocomposites have been explored
in several studies [20-28].

For instance, some studies report that luminescence from
poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene viny-

lene) (MEH-PPV) can be quenched (for photovoltaic
devices) or the energy can be transferred to the quantum
dots [19-28]. TiO, nanocrystals blended with electrolumi-
nescent organics have shown lasing action with greatly
reduced threshold pump powers [16, 21, 31]. Previous
studies concerning TiO,/MEH-PPV composites films indi-
cated that their electroluminescence (EL) increases with
the size of the TiO, nanoparticles in the range between 7
and 23 nm, and the crystal structure of TiO, also plays an
important role [16, 17]. As compared with most conjugated
polymer/inorganic nanocrystal composites, smaller inor-
ganic nanocrystals such as quantum dots or rods (smaller
than 10 nm) at the same loading generate more surface area
for photogenerated electron transfer. In other words, the
quenching effect of the luminescence will be reduced as
the size of the incorporated inorganic crystals increases at
the loading (total surface area decreases). This is one of the
reasons for increasing EL efficiency in the TiO, particles/
MEH-PPV studies [16, 17].

Here, we chose to blend rutile-phase TiO, nanoneedles
with MEH-PPV. The rutile TiO, is a chemically stable
material [32], and needlelike TiO, nanocrystals with a high
aspect ratio could easily form a percolation network within
MEH-PPV, which can influence the electron and hole
transport in devices [33-35].

In the present study, we propose a new approach which
blends needlelike TiO, nanostructures into MEH-PPV poly-
mer in order to form a percolation network geometry. We
investigate the effect of the addition of these TiO, nano-
needles on the electrical properties by /—} measurement.



Experimental
Materials

1,4-Bis(chloromethyl)-2-(2’-ethylhexyloxy)-5-methoxy-
benzene, 4-tert-butylbenzyl bromide, and potassium tert-
butoxide (1.0 M solution in tetrahydrofuran, THF) were
purchased from Aldrich and were used without further
purification unless otherwise noted. THF was dried and
purified by fractional distillation over sodium/benzophe-
none and was handled in a moisture-free atmosphere.
Polystyene-block-poly (4-vinylpyridine) (PS-b-P4VP)
diblock copolymer was purchased from Polymer Source.
The number-average molecular weights (M,,) of the PS and
P4VP blocks for the first copolymer were 92,700 and
32,700, respectively, with the ratio of the weight-average
molecular weight (M,,) to M, (polydispersity) equal to
1.13, as determined by size-exclusion chromatography.
Titanium oxide sulfate hydrate (TiOSO,4 xH,0, Riedel-de
Haén), urea (98%, Showa), Toluene (99% Tedia USA), and
HCI (36% Acros) were used in the study.

Synthesis of MEH-PPV

A solution of 1.5 mL of potassium fert-butoxide (1.0 M
THF solution, 1.5 mM) was slowly added to a stirred
solution of 1,4-bis(chloromethyl)-2-(2’-ethylhexyloxy)-
S-methoxybenzene (0.084 g, 0.25 mM) in 15 mL of dry
THF and stirred for 1 h. A small amount of 4-fert-butyl-
benzyl bromide was added to the mixture to end-cap the
polymer chain, with further stirring for 1 h. The polymer-
ization solution was poured into 150 mL of methanol and
the crude polymer was Soxhlet-extracted with methanol to
remove the impurities and oligomers. The resulting
polymer was redissolved in chloroform and reprecipitated
into methanol. After filtration and drying under a vacuum,
a bright-red polymer was obtained (yield 82%). The
synthetic process is shown in Scheme 1.

A "H-NMR spectrum of the polymer is shown in Figure
1. '"H NMR spectra were recorded using a Bruker DRX-
300 spectrometer, and chemical shifts were measured in
units of parts per million (ppm), with the residual proton
solvent resonance as a reference (chloroform, 7.24 ppm).
The spectrum shows a broad resonance between 7.8 and
7.4 ppm (aromatic protons), and peaks at 7.1 ppm (vinylic
protons), 3.9 ppm (alkyl protons adjacent to the oxygen
atom in the side chain), and between 2.0 and 0.7 ppm
(other alkyl protons). Average molecular weights were
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Figure 1. "H-NMR spectrum of poly(2-methoxy-5-(2"-ethylhexyloxy)-
1,4-phenylene vinylene) (MEH-PPYV).

determined by means of gel-permeation chromatography
(GPC) analysis on the basis of uniform PS standards, using
THF as the solvent at a flow rate of 1 mL/min at 40 °C.
GPC analysis was performed using a Waters 410 differen-
tial refractometer and a Waters 600 controller (Waters
Styragel column). The measured values of M, and M,
were 37,749 and 93,327, respectively, with a polydispersity
of 2.47.

Preparation of TiO;, nanoneedles and TiO,/ MEH-PPV
nanocomposites

The seeds used to grow TiO, nanoneedles were prepared
using PS-H-P4AVP as a template. The substrates with TiO,
seeds were grown in TiO, precursor solutions with Ti
concentrations of 0.0001-0.1 M at 85 °C to form TiO,
nanoneedles. The detailed synthetic process was reported
in our early study [36]. The needlelike TiO, nanostructures
were collected from the grown substrate with ultrasonics in
deionized water. After drying, the TiO, nanoneedles were
then added to 1 wt% MEH-PPV in 1,2-dichloroethane solu-
tion and stirred for 24 h to form a homogeneous solution.

Characterization
Transmission electron microscopy (TEM) studies were
carried out using a Hitachi H-600 electron microscope

operating at 100 keV. High-resolution TEM (HRTEM)
studies were carried out using a JEOL 2010 electron

SO
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Scheme 1. Synthesis of poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene).
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microscope operating at 200 keV. An X-ray diffraction
(XRD) study was carried out with a MAC Science MXP 18
X-ray diffractometer (50 kV, 200 mA) with a copper target
and a nickel filter. The XRD profiles of powdered TiO,
nanoneedles were collected at a scanning rate of 4°/min.
The XRD profile of MEH-PPV and 5 wt% TiO,/MEH-
PPV films which were cast at room temperature and then
dried at 100 °C in vacuum oven for 12 h to remove the
solvent were collected at a scanning rate of 1°min. The
glass-transition temperatures of TiO,/MEH-PPV compo-
sites were obtained using a DuPont DSC 2910 at a heating
rate of 20 °C/min. The samples were dried at 100 °C in a
vacuum oven for 12 h to remove the solvent. The thermal
gravimetric properties of MEH-PPV and TiO,/MEH-PPV
were determined out with a Du Pont TGA 2950 at a
heating rate of 20 °C/min.

The current vs voltage (/-V) studies for TiO,/MEH-
PPV solid films were carried out in a sandwich structure
[A/MEH-PPV:TiO,/indium tin oxide (ITO) glass]. The top
Al electrode, with an area of 1.0 mm? was deposited by
thermal evaporation in a vacuum at 4 x 10~® Pa on TiO,/
MEH-PPV films, which had previously been spun and
dried on ITO glass. These polymer films were dried at
100 °C under vacuum for 12 h before evaporating the Al
electrode. I-V curves were obtained using a Keithley 237, a
high-voltage-source measuring unit. The upper voltage and
current limits of the Keithley 237 are 1,000 V and 10 mA.
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Figure 2. (a) X-ray diffraction curves of TiO, nanoneedles and (b) a high-
resolution transmission electron microscopy (TEM) image of TiO,
nanoneedles.

Cyclic voltammetry (CV) curves were measured by coating
the polymer on a Pt plate and using a standard calomel
electrode as the reference and 0.1 M (n-Bu),- NBF,/
acetonitrile as the electrolyte. The scanning rate was set to
50 mV/s. The -V and EL measurements could be
established stably for at least 5 times scans.

Results and discussion

Figure 2a shows an XRD pattern of the TiO, nanoneedles,
which were harvested from a silicon wafer by ultrasonic
vibration. These needlelike nanostructured TiO, nano-
needles exhibit a clearly tetragonal structure (rutile) by
comparison with the JCPDS card file mo. 75-1757 (also
shown in the figure). Figure 2b shows the typical HRTEM
images of the TiO, nanostructure and the inset shows a
selective-area electronic diffraction pattern. It reveals that
TiO, has a rutile crystal structure. The lattice spacing is
about 3.2 A between adjacent lattice planes of the TiO,
needles, corresponding to the distance between (110)
crystal planes of the rutile phase. The dispersion of TiO,
nanoneedles in MEH-PPV was further analyzed by TEM.
The samples for TEM study were prepared by directly
coating the TiO,/MEH-PPV solution on a C-Cu grid. The
TEM images of TiO,/MEH-PPV containing different
amounts of TiO, are shown in Figure 3a-c, and they show
that the TiO, nanoneedles were well dispersed in MEH-
PPV. The percolation network geometry of TiO, increases,
while the percentage of incorporated TiO, in the compo-
sites increases. The enlarged image shown in Figure 3d
reveals that the TiO, nanoneedles formed a percolation
network geometry in MEH-PPV. These TiO, nanoneedles
are about 100 nm in length and 30 nm in width, terminating
with a sharp pinnacle.

Figure 3. TEM image of TiO,/MEH-PPV composites containing (a) 1
wt% TiO,, (b) 3 wt% TiO,, and (c) 5 wt% TiO,. (d) TEM image (zoom
in) of a percolation network of TiO, nanoneedles in MEH-PPV.
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Figure 4. Thermal gravimetric properties of MEH-PPV and 1, 3, and 5
wt% TiO,/MEH-PPV composites.

The thermal gravimetric properties of TiO,/MEH-PPV
composites are shown in Figure 4. The 5% weight loss
degradation temperature of 5 wt% TiO,/MEH-PPV com-
posites is 8 °C higher than that of MEH-PPV. Figure 5 is a
differential scanning calorimetry (DSC) thermogram of
MEH-PPV and 5 wt% TiO,/MEH-PPV composite. The
glass-transition temperatures are 63 and 65 °C for MEH-
PPV and 5 wt% TiO,/MEH-PPV composite, respectively.
There is also a broad endotherm spanning the temperature
range 150-260 °C. The broad endotherm should be the
nematic-to-isotropic transition of MEH-PPV [37-39]. The
endotherm peak of 5 wt% TiO,/MEH-PPV is larger than
that of pure MEH-PPV (0.68 vs 0.53 J/g). This could be
caused by the hydrogen bond that is formed by the O atom
attached to the phenyl group of the main chain of MEH-
PPV with the dangling hydroxyl groups on the TiO, needle
surface. It further indicates that TiO, nanoneedles could
induce the long-range order of MEH-PPV and therefore
cause the endotherm of the crystal phase transition of
MEH-PPV to increase. Figure 6 displays the XRD curve of
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Figure 5. Differential scanning calorimetry thermogram of MEH-PPV
and 5 wt% TiO,/MEH-PPV composite.
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Figure 6. X-ray diffraction curves of MEH-PPV and 5 wt% TiO,/MEH-
PPV composite.

MEH-PPV and 5 wt% TiO,/MEH-PPV composite. The
clear peak in the vicinity of 20 = 4.7° with a d spacing
value of 1.8 nm reveals that MEH-PPV films containing-
TiO, had long-range nanoscale modulation. This result is
in agreement with the result of DSC.

Figure 7 shows PL spectra of MEH-PPV composites
film containing different amounts of TiO, nanoneedles.
The samples were excited by a xenon lamp at 480 nm. The
thicknesses of these films were determined by atomic force
microscopy to be about approximately 240 nm. The PL
spectra of the nanocomposite films exhibit a similar pattern
as that of pure MEH-PPV, with a slightly decreased peak
intensity at 588 nm. There is a 7% decrease in the
luminescence intensity at 588 nm for 5 wt% TiO, in
MEH-PPV. This indicates that the quenching of the
luminescence is limited when TiO, needles are added
because of the limited surface area of TiO, nanoneedles.

To reveal the electrical properties of TiO,/MEH-PPV
composites, the -V characteristics of ITO/MEH-PPV:
TiO,/Al were explored. Figure 8a shows the results for
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Figure 7. Photoluminescence of MEH-PPV and TiO,/MEH-PPV com-
posite films.
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Figure 8. (a) Model and experimental J-E curves of MEH-PPV and TiO,
nanoneedles/MEH-PPV composites. The dotted line is a fit to the data. (b)
Hole barrier height from cyclic voltammetry (CV) and Fowler—Nordheim
(FN) fitting vs the amount of TiO, incorporated in MEH-PPV.

the MEH-PPV and TiO,/MEH-PPV composites. The turn-
on voltages for the devices were observed to decrease as
the amount of incorporated TiO, nanoneedles increased.
To study the charge injection mechanism under direct
current bias, we considered Richardson-Schottky therm-
ionic emission and Fowler-Nordheim (FN) tunneling

models. Under forward bias, at high applied fields (>5 x
10° V/em), the J—E characteristics are determined by FN
tunneling (Equation 1) of both electrons and holes through
contact barriers arising from the band offset between the
polymer and the electrodes. Furthermore, at low fields the
tunneling model was found not to be applicable to the ex-
perimental J—E characteristics, which has been attributed to
the contribution of thermionic emission to the current and
to band-bending effects at the interface. According to the
model, the tunneling current density J at a particular ap-
plied electric field E can be expressed as [40, 41]

8, /Zemgbgp

_ 2
Jun = ACE” exp 3LE ) (1)
3e?
ith C = .
s 8y

Here, e is the elementary charge, m is the effective hole
mass, /& is Planck’s constant, and ¢, is the hole barrier
height. 4 is a dimensionless parameter and is set equal to
5.3 x 107® [40]. The measured /-E characteristic curves
were fitted to the FN equation with the fitting parameter
¢vp- We find that as the weight percentage of TiO, is
increased, ¢y, decreases. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of MEH-PPV are reported to be 5.4
eV [42] and 3.0 eV [43], respectively, yielding a bandgap
(Eg) of 2.4 eV. The workfunction of Al is 4.3 eV, which
results in a 1.3-eV barrier to electron injection (¢y,) at the
cathode of the light-emitting diode. The energy of the
HOMO level can be estimated from the oxidation potential
measured with CV. Table 1 summarizes the results: The
hole barrier height is estimated from either a CV
measurement or FN fitting of the J-F curves. However,
the energy of the LUMO level is less reliably determined
from the CV measurement because of the water content of
the materials used. Figure 8b presents a comparison of hole
barrier height, determined from CV measurements and FN
fitting results as a function of the amount of TiO, in MEH-
PPV. It clearly shows the same trend: The hole barrier
height decreases as the amount of the TiO, nanoneedles in
MEH-PPV is increased. Hole barrier height decrease could
be caused by the interchain aggregation and partial crystals
of MEH-PPV between the interface of the electrode and

Table 1. Hole barrier height estimated from the Fowler—Nordheim (FN) equation and from cyclic voltammetry (CV) measurements and hole mobility

estimated from linear fits of In(J/E?) vs VE

Gpp (€V)? HOMO from Hole barrier® Hole mobility
CV (eV) height (eV) (x 1077 em®V/S™
MEH-PPV 041 £0.01 —5.30 £ 0.11 0.6 +0.11 2.10
1 wt% TiO, in MEH-PPV 0.36 £ 0.01 —5.24 +0.07 0.54 £ 0.07 3.56
3 wt% TiO, in MEH-PPV 0.34 £0.02 —5.21 +£0.09 0.51 £0.09 5.68
5 wt% TiO, in MEH-PPV 0.32 £0.03 —5.18 £ 0.10 0.48 £ 0.10 6.21

The work function of indium tin oxide was set equal to —4.7 eV.
MEH-PPV poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene).

*The hole barrier height, ¢y, estimated from the FN fitting of the measured J—E characteristic curves.
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the composite interface. Hole mobility in MEH-PPV could
be determined by taking J—F curves and fitting the data to a
spacecharge limited form for a single carrier, as derived by
Mott and Gurney [44, 45].

J =9/8:puE* /L, (2)
where E is the electric field across the device, L is the
polymer thickness, and a value of ¢ = 3.1 x 10 ''C?%
(Nm?) is assumed for the polymer [44]. A Poole-Frenkel-
like form is assumed for the mobility:

(3)

The linear fits of In(J/E?) vs V/E give the field-independent
mobility term i, and are given in Figure 9 and the data are
collected in Table 1. The hole mobility in MEH-PPV
shows a threefold enhancement when 5 wt% TiO, nano-
needles is incorporated in MEH-PPV. The improvement in
polymer hole mobility caused by a partial crystallization of
MEH-PPV agrees with a previous study [44]. Although
Wrio, >> pppy for both electron and holes (p4,,7i0, = 0.1—
lem? /V /S and pu,,1i0, is at least an order of magnitude
lower [32]; t,.ppv < 10~% cm?/V/S and Ue,ppy 18 at least 2
orders of magnitude lower [46]), the hole transfer to the
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Ti0O, nanocrystals is energetically unfavorable (Figure 10).
Therefore, the hole would transfer favorably in partial
crystallization of MEH-PPV, which formed a percolation
network geometry. The scheme is shown in Figure 11.
Figure 12 shows EL spectra of pure MEH-PPV and 1, 3,
and 5 wt% TiO,/MEH-PPV composites at an applied
electric field 1.8 x 10° V/ecm. The thicknesses of these
films are approximately 240 nm. The normalized integrated
area of the EL spectrum as a function of TiO, weight
percentage in MEH-PPV is shown in the inset in Figure 12.
The EL intensity of the 590-nm peak from the thin-film
device consisting of 5 wt% TiO, displays a 3.7-fold
increase. EL spectra of the nanocomposite films exhibit a
similar profile as that of pure MEH-PPV. A 2.8-fold
increase in the normalized integrated area of EL was
achieved with MEH-PPV containing 5 wt% TiO, nano-
needles. The decrease in turn-on voltage and, therefore,
hole barrier height and mobility is a reflection of improved
hole injection efficiency. Both the significant reduction in
diode turn-on voltage and the increase in current efficiency
lead to an obvious improvement in the power efficiency of
MEH-PPV light-emitting diodes with the addition of TiO,
nanoneedles.
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Figure 12. Electroluminescence (EL) of MEH-PPV and TiO,/MEH-PPV

composite films. The normalized integrated area of EL vs TiO, weight
percentage in MEH-PPV is shown in the inset.
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Conclusion

In summary, we find that EL of MEH-PPV thin films can
be enhanced via addition of TiO, nanoneedles. A 2.8-fold
enhancement in the normalized integrated area of EL was
achieved with 5 wt% TiO, nanoneedles in MEH-PPV. The
enhancement of EL may be due to the decrease in hole
barrier height and the increase in hole mobility. The hole
barrier height (¢p,), estimated from J—E characteristic
curves, was found to decrease from 0.41 to 0.32 eV as
the amount of incorporated TiO, nanoneedles increased
from 0 to 5%. The hole mobility was found to increase as
TiO, nanoneedles were incorporated in MEH-PPV.
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