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Abstract We have demonstrated that fabrication and
characterization of nanocomposite polymer light emitting
devices with metal Zinc Oxide (ZnO) nanoparticles and
2,3-dibutoxy-1,4-poly(phenylenevinylene) (DBPPV). The
current and luminance characteristics of devices with ZnO
nanoparticles are much better than those of device with
pure DBPPV. Optimized maximum luminance efficiencies
of DBPPV-ZnO (3:1 wt%) before annealing (1.78 cd/A)
and after annealing (2.45 cd/A) having a brightness 643
and 776 cd/m” at a current density of 36.16 and 31.67 mA/
cm” are observed, respectively. Current density—voltage
and brightness—voltage characteristics indicate that addi-
tion of ZnO nanoparticles can facilitate electrical injection
and charge transport. The thermal annealing is thought to
result in the formation of an interfacial layer between
emissive polymer film and cathode.
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Introduction

Polymer light emitting devices (PLEDs) have attracted
much attention in recent years, due to their potential
applicability to flat, large area displays [1-3]. Major
important technological issues related to commercial
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applications are the quantum efficiency, device stability and
easy fabrication. Among the conjugated polymers, poly-
phenylenevinylene (PPV)-based light emitting diodes are
limited by their low quantum efficiency as well as poor
stability. In spite of these critical drawbacks, the PLED is
still receiving considerable attention due to its several
merits; they are easy to fabricate with low cost, low oper-
ating voltage, flexibility, etc. Therefore, a lot of researches
have focused on solving the problem of low efficiency and
the poor stability [4-6]. One of the major reasons for the
low quantum efficiency of single layer PLEDs is that the
electron injection is more difficult than hole injection in
most PLEDs due to high energy barrier to electron injection
and low electron mobility in most conjugated polymers.
Therefore, one of the most important challenges in the field
of PLEDs is to improve the balanced charge carrier injec-
tion that is essential for high efficiency. Charge carrier
mobility plays an important role in determining electrolu-
minance device performance, which is closely related to the
balance between injection and transport of holes and elec-
trons [1-3]. To enhance luminance efficiency, high charge
carrier mobility is required. One way to overcome the
electron injection and transport limitations is to combine
polymers with inorganic semiconductors, which have low
energy barrier to electron injection and high electron
mobility. However, there have been many reports on how to
balance the combination of hole and electron injected from
the electron injection from anode and cathode [7-11].
Semiconducting nanoparticles into polymer matrices is an
area of current interest in organic nanoelectronics. Such an
integration of organic and inorganic materials of the
nanometer scale into hybrid optoelectronic structures
allows designing devices that combine the diversity and
processibility of organic materials with high electronic and
optical performance of inorganic nanocrystals [12—17].
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In this study, nanoparticles composite materials con-
sisting of conjugated polymers and metal oxides are the
focus of interest due to their physical, electronic and
optical properties. An n-type semiconductor material ZnO
possesses a direct wide band gap (3.2 eV), a large exciton
binding energy (60 meV) with strong piezoelectric and
pyroelectric properties. It is one of the most promising
candidates for the fabrication of short wavelength opto-
electronic devices [18-20]. To our best knowledge, this
could be the first report of PLEDs, which consists of
DBPPV and the inorganic semiconductor metal oxide
(Zn0O).

Experimental Procedure

2,3-dibutoxy-1,4-poly(phenylenevinylene) (DBPPV) was
purchased from Eternal Chemical and used without further
purification. LEDs with an ITO/PEDOT:PSS/DBPPV-
ZnO/Ca/Al structure were fabricated using the following
procedures. Patterned ITO-Coated glass substrates were
cleaned with detergent, distilled water, acetone and
2-propanol and subsequently in ultrasonic bath. The sub-
strates were dried in an oven at 100 °C, before treatment
with UV-Ozone. After treatment with UV-Ozone for
25 min, a 40-nm layer of PEDOT:PSS was spin-coated
onto the substrates, followed by drying on a hotplate at
150 °C for 30 min. Commercially available ZnO nanorods
of diameter (30-50 nm) and length (1 pm) were purchased
from Sigma-Aldrich Corporation. The PLEDs of the
DBPPV—ZnO composite single layer were fabricated as
follows: polymer—nanoparticle composite films were made
either by first dispersing the nanoparticles in the same
solvent that the DBPPV is dissolved in, namely toulene,
and then adding this mixture to the DBPPV—toulene solu-
tion or by adding the nanoparticles directly to the DBPPV—
toulene solution. The weight ratios of DBPPV versus ZnO
were changed from 4:1 to 2:1 for DBPPV-ZnO (4:1 by
wt%) [DB4-ZnO), DBPPV-ZnO (3:1 by wt%) [DB3-
Zn0O] and DBPPV-ZnO (2:1 by wt%) [DB2-ZnO). The
former technique resulted in better dispersion of the
nanoparticles in the final film. Nanocomposite single layers
of DBPPV-ZnO were spin-coated from toulene solutions
with a speed of 3,000 rpm for 1 min on top of the PE-
DOT:PSS. This was followed by baking on a hotplate at
60 °C for 30 min inside the glow box. Then, the Ca
(60 nm) and the Al (120 nm) electrodes were thermally
evaporated in a vacuum of about 2 x 107 Torr. For
comparison, ITO/PEDOT:PSS/DBPPV/Ca/Al device with
thickness around 80-90 nm DBPPV was fabricated
according to the similar procedure. The annealing steps
were undertaken on a hot plate inside the glow box at
120 °C for 30 min. For the measurement of device
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characteristics, current density—voltage (/I-V) and bright-
ness—voltage (B—V) changes were measured using a power
supply (Keithley 2400) and a fluorescence spectropho-
tometer (Ocean optics usb 2000), and the luminance was
further corrected by SpectaScan PR650 spectrophotometer.

Atomic Force Microscopy (AFM, DI dimension 3100)
was used to monitor the surface morphology of films. The
surface topography images of the films were coated on the
ITO/PEDOT:PSS surfaces. The AFM images are measured
over an area of 3 x 3 um”. AFM is the surface described
by cantilever during scan, due to the tip—sample interac-
tion. This leads to the equiforce surface image limited by a
convolutive interaction, because the roughness values are
influenced by tip, scan size. The main parameters for
profile evaluation are defined as [21].

Average roughness (R,)—the arithmetic average of a
deviation y, from the center line is:

1 L
Ra :i/ |y|dx
0

Root-mean-square roughness (R.s) is the root-mean-
square deviation from center line:

Ros = I/dex
I‘mS_Loy

For each sample, the rms roughness and average
roughness as defined in [21] were evaluated.

The active area of the electroluminescence (EL) devices
by overlapped of the ITO and the cathode electrodes was
6 mm?>.

1/2

Results and Discussion

Figure la and b shows that the current density versus
voltage (I-V) and brightness versus voltage (B—V) charac-
teristics of pure DBPPV, DB2-ZnO, DB3-ZnO and DB4-
ZnO devices in a standardized device configuration of ITO/
PEDOT:PSS/DBPPV—ZnO/Ca/Al. The device with ZnO-
doped DBPPV shows significantly better performance
characteristics than those of pure DBPPV, with a consid-
erable current increase in low voltage and higher current
density at the same voltage. In addition, the DB3-ZnO
device possesses a lower turn voltage (V,,) (3.10) and
higher brightness at the same voltage (1,639 cd/m” at 5 V)
than those obtained that pure DBPPV (V,,) (3.76, 745
cd/m? at 5 V). The maximum brightness of the DB4-ZnO
reaches 9,490 cd/m? (7.51 V), which is much higher than
that of DBPPV (5,004 cd/m? at 7.41 V). Figure 2a shows
the luminance efficiency versus current density character-
istics for the devices. Optimized luminance efficiency
could reach 1.78 Cd/A with DB3-ZnO at a current density
of 36.16 mA/cm® and a brightness of 643 cd/m”.
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Fig. 1 a Current density—voltage (/-V) and b brightness—voltage (B—V) characteristics of of DBPPV, DB2-ZnO, DB3-ZnO and DB4-ZnO

devices

A maximum brightness of 4,317 cd/m? at 7 V was mea-
sured. The electrical characteristics of nanocomposite
based PLEDs are summarized in Table 1. The current turn-
on voltage (Vi_o,) of ca.3.76 (pure DBPPV) and 3.10
(DB3-Zn0O), at the current of 0.5 mA, which is the
majority carrier injection voltage. The DB3-ZnO device
had a low turn-on voltage (3.255 V) at a brightness of
100 cd/m?, which is 0.76 V lower than that of the pure
DBPPV. Lowering turn-on voltage of PLED devices leads
to improved current efficiency. Carter and Ligman also
observed that radiance—voltage and current—voltage curves
for 1:1 TiO, (anatase)/MEHPPV, 1:1 TiO, (rutile)/ME-
HPPV, 1:1 SiO,/MEHPPYV and for MEHPPV film without
nanoparticles. It is evident that a lower driving voltage can
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be achieved using TiO2 or SiO, nanoparticles, than that
achieved with pure the MEHPPV film [22, 23].

The increased current by the addition of ZnO nanopar-
ticles may be attributed in part to the ease of charge
transport. The ZnO nanoparticles dispersed in the polymer
may reduce the barrier for hopping, which may cause
increase in carrier density. The enhancement of charge
injection and transport may play roles together for the
enhancement of EL property by the addition of ZnO
nanoparticles. The highest occupied molecular orbital
(HOMO) (5.43 eV) and the lowest unoccupied molecular
orbital (LUMO) (2.75 eV) levels of DBPPV and the
valence (7.6 eV) and conduction (4.4 eV) bands of ZnO
clearly indicate that a huge energy barrier exists for a few
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Fig. 2 a The luminescence efficiency versus current density curves and b normalized EL spectrum of characteristics of DBPPV, DB2-ZnO,

DB3-ZnO and DB4-ZnO devices
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Table 1 Performance of DBPPV-ZnO nano-composite based

PLEDs
DBPPV DB3-ZnO DB3-ZnO
(annealing)
Turn-on (0.5 mA) (V) 3.76 3.10 3.38
Light turn-on (100 cd/m® (V) 4.10 3.225 3.25
Luminance efficiency (cd/A) 1.19 1.78 2.45

holes to be transferred from DBPPV to ZnO [20, 24]. When
comparing the device performances, some important
characteristics are observed. First of all, the luminance
efficiency is significantly improved, for ZnO doping devi-
ces relative to that of pure DBPPV. The interface state
between the metal oxide and polymer layers in the prepared
device is critical determining factor for the optical per-
formance and physical of polymer light emitting diodes.
However, doping is still regarded as an effective technique
to adjust the interfacial energy level distribution in pro-
cessing electronic and optical devices.

The normalized EL as a function of the emission
wavelength (nm) of PLEDs with pure DBPPV, DB2-ZnO,
DB3-ZnO and DB4-ZnO are shown in Fig. 2b. We obvi-
ously found that for ZnO-doped DBPPV, the emission peak

from the inter-chain vibration of DBPPV was reduced,
which perhaps is the possible reason that the nanoparticles
assist the polymer arrangement and reduce the conforma-
tional disorder of polymer in the emission layer, and then
cause the probability for inter-chain emission of device to
reduce. It is observed that the emission peak only takes
place in the emission layer and no emission from the
inorganic layer is observed for the DB—ZnO devices. At the
DBPPV—ZnO layer, the barrier potential of ZnO for holes
is about 2.2 eV. The mobility of electrons in the ZnO is
higher than that of holes in the DBPPV layer [25]. So the
recombination zone of electrons and holes is primarily
restricted to the DBPPV. This is the reason that the emis-
sion from DBPPV and the emission from the ZnO are not
observed in the DB-ZnO devices.

Figure 3 shows the surface topography images of the
four films coated on the same substrate ITO/PEDOT: (a)
DBPPV layer, (b) DB2-ZnO, (c) DB3-ZnO and (d) DB4-
ZnO materials. The roughness of the surface of the spin-
coated sample film changed significantly. The increased
roughness caused by the capillary attraction between the
polymer and the ZnO nanoparticles increased the interfa-
cial area between the sample film and the Ca/Al cathode
and thus facilitated electron injection. The root-mean-

(b)

Fig. 3 AFM 3D images of a DBPPV; b DB2-ZnO; ¢ DB3-ZnO and d DB4-ZnO devices
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Fig. 4 a Brightness—voltage and b normalized EL spectrum characteristics of the DB3-ZnO annealed at 120 °C
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Fig. 5 The luminescence efficiency versus current density curves of
DB3-ZnO devices before and after annealing

square (RMS) roughness of the films are DBPPV (1.5 nm),
DB4-ZnO (3.02 nm), DB3-ZnO (8.778 nm) and DB2-
ZnO (11.502 nm), respectively. A similar effect on surface
roughness has been observed by other researchers in a
Poly(9,9-dioctylfluorene-alt-thiophene copolymer (PDOFT)-
gold nanoparticle(Au NPs) nanocomposite materials, and
the performance of their device was improved by the
addition of Au nanoparticles [26]. DB2-ZnO device is not
significantly better than DBPPV, because of the increases
in the rms roughness of DB2-ZnO materials could be
attributed to the large amount of ZnO so that they could
behave as matrix materials. DB2-ZnO nanocomposite
induced the great variation of surface morphology and this
was revealed to be the main reason of the conductivity
change including the effect of local blocking of electron

conduction due to the agglomeration of the nanoparticles
when introducing excess ZnO nanoparticle.

The mechanism for the current density and luminance
enhancement in a PLED is not yet fully understood. Carter
et al. demonstrated that the radiance increase is not due to
microcavity effects resulting from the insulating oxide
particles since no line-narrowing effects are observed [23].
Furthermore, the radiance enhancement is independent of
the refractive index of the nanoparticles, scattering effects
can also be excluded. Finally, an increase of the recombi-
nation at a polymer—nanoparticle interface would result in
an increased efficiency, which is not observed and cannot
explain the current enhancement. Carter and Blom et al.
suggested that the current and radiance enhancement might
arise from a change in the device morphology [13, 23]. A
rougher cathode interface may give rise to an enhancement
of the surface area with a resulting increase of electron
injection. In addition, the existence of thin spots created
throughout the film by capillary forces would give rise to
an increase of the electric field, enhancing the charge
injection and/or charge transport.

Figure 4a and b shows the brightness versus voltage and
EL spectrum characteristics of a DB3—ZnO device after
annealing at 120 °C for 30 min, respectively. Thermal
annealing of the device slightly increased the brightness.
The effect is attributed to the formation of an interfacial
layer between the polymer and the metal electrodes [27].
The EL spectrum of a DB3-ZnO device before and after
annealing consisted of a two EL peaks, one main peak (P1)
and one shoulder peak (P2), in the spectra for the samples.
The peak positions of the wavelength light emitted from
the PLED before annealing are 525 nm (P1) and 560 (P2).
Both peak positions of the wavelength of light emitted
become slightly longer (redshift) when the PLED is
annealed. Figure 5 shows that luminance efficiency versus
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current density curves of a DB3—ZnO device before and
after annealing. The carriers are transferred more effec-
tively in PLEDs annealed at 120 °C because of the higher
packing density of the DBPPV polymer film. It is a pos-
sible cause for the high luminescence and high efficiency
of PLEDs annealed at 120 °C. In the case of the PLEDs
fabricated with DB3-ZnO, the Iluminance efficiency
increased by a factor of 30-40 after thermal annealing. Tu
and Su [28] have suggested that the annealing temperature
around the glass temperature of polymer materials can
enhance the crystallization in the thin film and improve the
morphology of the polymer film.

Conclusions

In summary, polymer light-emitting devices based on ZnO
nanoparticle doped with DBPPV polymer matrix have been
technically prepared by the solution-based spin coating
technique. Current density—voltage and brightness—voltage
characteristics demonstrated that the ZnO nanoparticle
have the ability to improve the current density, brightness
and luminance efficiency, which may be caused by the
enhancement of charge injection and charge transport.
From the EL spectrum, shoulder peak intensity of
nanocomposite devices decreased suggesting that the
nanoparticle reduced the conformational disorder of
the polymer. The brightness and luminance efficiency of
the PLEDs could be improved by annealing, for the DB3—
ZnO device investigated. DB3-ZnO device shows maxi-
mum luminance efficiencies (1.78 cd/A) and with
annealing (2.45 cd/A) having a brightness 643 and 776
cd/m? at a current density of 36.16 and 31.67 mA/cmz,
respectively. We have assumed that the annealing results in
formation of a thin interfacial layer between the Ca cathode
and nanocomposite film. Because of simple device struc-
ture and easily controllable fabricating conditions, this
method has a high potential for the practical application of
flat panel displays.
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