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Abstract Nanostructured ZnO has been synthesized
by wet chemical route. Poly(vinylpyrrolidone) is used
for stabilization and surface passivation of synthesized
nanoparticles, thus tailoring the growth of ZnO at
nanoscale. Structural characterization using X-ray dif-
fraction, scanning electron microscopy, high-resolution
transmission electron micoroscopy and Fourier trans-
formed infrared spectroscopy of the synthesized nano-
particles confirm the evolution of nanocrystalline ZnO
prevailing in hexagonal wurtzite phase. UV-Vis and
photoluminescence spectroscopy studies show blue
shift phenomenon in the synthesized nanoparticle in
contrast to the bulk ZnO furnishing evidence in support
of quantum size effect. The nanocomposites of ZnO and
poly [9,9-dioctylfluorenyl-2,7-diyl] are prepared and
characterized to investigate its luminescent and spectral
emission effects. The nanocomposites are then incor-
porated in light-emitting diodes, and influence of ZnO
on the device performance has been explored via
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Introduction

Organic light-emitting diodes (OLEDs) have attracted
considerable attention as a potential next generation
technology for flat panel displays, solid-state lighten-
ing, and flexible electronic devices (Tang and Van
Slyke 1987; Xing et al. 2012) etc. It relies on multilayer
architecture obtained under high-vacuum conditions.
For commercial success, extensive research efforts are
put forth to improve the efficiency and stability of the
devices particularly in solution-processable polymeric
materials in polymeric OLEDs (PLEDs). Polymer-
based optoelectronics has been a subject of research in
past few decades (Lee et al. 2012; Shaw-Stewart et al.
2012), and white PLEDs (Zhu et al. 2012; Lee et al.
2010) have generated significant interest for solid-state
lighting applications, due to the potential savings in
both costs and energy consumption. Besides the device
optimization, a strong reduction in production costs is
urged in order to make organic lighting competitive
with the current technologies. Hence, focus is empha-
sized on nanocrystal-polymer composites owing to
abundant progress in the hybrid organic—inorganic
light-emitting diodes (HyLEDs), demonstrating the
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possibility to prepare air-stable electroluminescent
devices. The synthesized nanoparticles can be incor-
porated into polymer host system to explore the
appealing possibilities of synergetic properties of both
the components resulting into combining the natural
advantages from both organic as well as inorganic
materials into one system. In HyLEDs, the high-
electron mobility of the inorganic phase compared with
that of organic materials stabilizes the limited electron
mobility (Antoniadis et al. 1994) in organic materials
and help to balance the charge transport. Moreover,
colloidally synthesized (Kim et al. 2008) inorganic
semiconductor quantum dots (QDs) are being widely
used for their narrow spectral emission, and luminance,
ease of solution deposition across large area. Metal
oxide ZnO (Klingshirn et al. 2010) is a semiconductor
having wide bandgap, with strong electron—hole bind-
ing energy of 60 meV. Similarly, it is an attractive
material for optical applications ranging from white
light illumination to lasers in the near UV. It spans a
wide range of applications from luminescent devices
and chemical sensors, to electrical, acoustic, and solar
cells. It also provides favorable properties like good
mechanical and compositional stability, transparency,
good electrical conductivity etc. In present studies, we
have synthesized nanoscale ZnO and studied the
influence of temperature treatment to these freshly
synthesized nanoparticles and assessed the morphol-
ogy and emission properties along with the effect on
the device performance.

Experimental
Material synthesis

For synthesis of ZnO, a solution of zinc acetate
(CH3C0O0),Zn.2H,0 (SRL, India) in 2-propanol
(0.5 mM) were prepared (Guo et al. 2000) under
vigorous stirring along with mild heating followed by
chilling to 0 °C. 0.075 mol of Poly(vinylpyrrolidone)
(PVP) (Aldrich, MW 40,000; 3.0 g) were then intro-
duced in the above solution as a capping molecule
under vigorous stirring at room temperature. The
mixtures were then hydrolyzed by addition of 50 ml of
0.002 M NaOH solution in 2-propanol and subjected
to an ultrasonic bath for 2 h. Thus, colloidal suspen-
sions of ZnO were obtained. The nanoparticles were
then extracted using centrifuge (10,000 rpm) and
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dried under vacuum in two aliquots, at room temper-
ature (40 °C) for several hours and at 80 °C for 1 h.
The ZnO nanoparticles were then formulated in thin
film form with a fluorescent blue emitter, poly[9,9-
dioctylfluorenyl-2,7-diyl] (PFO) and assembled in
PLEDs to observe its consequence.

Nanocomposite preparation

ZnO nanoparticles were dispersed (by weight percent)
in a blend (1:1) of chloroform and chlorobenzene. The
nanocomposites were prepared by adding PFO (Amer-
ican Dye Source) (8 mg/ml) into the ZnO dispersion
and subjected to an ultrasonic bath. Homogeneous
yellow hybrid precursors were thus obtained emitting
blue light upon exposure to UV rays. These nanocom-
posites were used as emissive layer (EML) in OLEDs

Device fabrication

The OLEDs were fabricated on indium-tin—oxide
(ITO) coated glass substrates having a sheet resistance
of 20 Q/square and a thickness of 120 nm, which were
patterned and then cleaned using deionized water,
acetone, trichloroethylene, and isopropyl alcohol
sequentially for 20 min each using an ultrasonic bath
and dried in vacuum oven. Prior to organic film
deposition, ITO surfaces were treated with oxygen
plasma for 5 min to increase its work function.
PEDOT: PSS (Aldrich) films (HIL) were spin coated
(~50-nm thick) on the cleaned and patterned ITO
substrates. The films were then cured at 120 °C in
vacuum for ~1 h. The PFO:ZnO hybrid precursors
(50-55 nm) were then spin coated with a speed of
2,000 rpm for 2 min on substrates followed by vacuum
annealing at 150 °C for ~2 h to remove the organic
fraction and improve the connectivity and crystallinity
at nanoscale. Thicknesses of the deposited layers were
measured by ellipsometry. Finally, Al electrodes were
deposited by vacuum thermal evaporation of thickness
200 nm under a vacuum of 1 x 107 Torr. Due care
was taken to prevent the attack of moisture throughout
the processes. Following devices were fabricated:

ITO/PEDOT: PSS/Pristine PFO/Al
ITO/PEDOT: PSS/PFO: 11 % ZnO(40 °C)/Al
ITO/PEDOT: PSS/PFO: 11 % ZnO(80 °C)/Al

The complete devices were finally annealed at
100 °C in vacuum for 5 min before being characterized.
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Four pixels, each of active area of 0.16 cm? are defined
per substrate, which were used to assess the reproduc-
ibility of the device performance.

In order to probe the crystalline structure of ZnO
nanoparticles, X-ray diffraction of thin films were
performed with Brucker AXS D8 Advance Diffrac-
tometer at room temperature using CuK.. radiation
(A = 1.5405 A). The surface morphological charac-
teristics of ZnO thin films (drop-cast) were examined
using a LEO 440 scanning electron microscope
(SEM). Fourier Transform Infrared (FT-IR) spectra
of the ZnO nanoparticles were recorded in KBr pellets
(13 mm diameter) with Perkin Elmer FT-IR spec-
trometer in the wavenumber range of 4,000—400/cm at
room temperature. Atomic force microscopy (AFM)
experiments were performed on 10 x 10 pm surface
area using NT-MDT (Solverpro) operating in tapping
mode. High-resolution Transmission electron micros-
copy (HR-TEM) images of the nanoparticles were
recorded on a 300 kV HR-TEM, (FEI Tecnai G2 F30
STWIN) by dispensing few microliters of ZnO
dispersion on carbon coated copper grid of 3.05 mm
diameter. Optical absorptions were recorded in
200-800 nm wavelength range in a UV-2401 PC
SHIMADZU, Japan, and photoluminescence (PL)
spectroscopy was done on FL-1039 HORIBA
JOBIN-YVON, USA. Current-density versus voltage
(J-V) curves of the devices were recorded in air at
room temperature using Keithley 2612A Dual Source
Meter. To have better qualities of the interface
between each successive layer, the quality of each
layer was tested using HIOKI 3520-50 LCR High
tester (data not shown). Electroluminescence spectra
of the devices were obtained using Ocean Optics
HR2000CG-UV-NIR spectrophotometer.

Results and discussion

Figure 1 shows the X-ray diffractograms of the ZnO
nanoparticle. The films reveal several peaks character-
istic of the hexagonal wurtzite phase of ZnO. The data
are consistent with the standard powder diffraction
pattern of hexagonal wurtzite phase (JCPDS Card No.
80-0075). The peaks observed at d = 0.28, 0.26, 0.25,
0.19, 0.15, and 0.14 nm (Fig. 1) match the d-values of
hexagonal wurtzite structure of ZnO in accordance to
the (100), (002), (101), (102), (103), and (112) planes of
this phase (Caglar et al. 2006; Sui et al. 2006). However,

the peaks are predicted of comparatively lower inten-
sities probably due to very fine particle size. The
scanning electron micrographs (insets in Fig. 1) of ZnO
nanoparticles thin film elucidate fine grain growth with
uniform microstructure throughout the film. 40 °C,
sample (inset a, Fig. 1) reveal fine grained surface
morphology. However, annealing at 80 °C initiates
growth and development of prominent spherical inter-
linked grains (insetb, Fig. 1). A detailed microstructural
characterization using high-resolution transmission
electron microscopy (HR-TEM) on ZnO nanopowder
particles (Fig. 2a—d) elucidated several interesting fea-
tures in terms of the size and shape of the particles and
lattice scale arrangement of different atomic planes in
the crystal structure. In general, it was noted that the
microstructure of ZnO powders prepared at 40 °C
(Fig. 2a) was ultra-fine with individual particles of size
ranging between 2 and 5 nm. The morphology of
individual particles is random having sharp edges with
well-defined facets coexisting with large fraction of the
grain boundaries and the amorphous structure (inset in
Fig. 2a). Lattice scale imaging performed on these
nanoparticles revealed the presence of several crystal-
lographic planes of hexagonal crystal structure of ZnO
(Reference JCPDS card no. 80-0075, Hexagonal space
group: P6smc, lattice constants: a = 0.325 nm and
¢ = 0.521 nm). As an illustrative example, a set of
crystallographic planes with interplanar spacing of
0.28 nm (hkl:100), 0.25 nm (hkl:101), and 0.19 nm
(hkl:102) of a hexagonal crystal structure (Fig. 2a). The

Zn0O thin fil

Intensity (a.u.)

L]
30 40 50 60 70
Degrees (20)
Fig. 1 XRD pattern of ZnO thin film (drop cast): inset shows

scanning electron micrographs of ZnO nanoparticles cured at
a40 °Cand b 80 °C
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Fig. 2 High-resolution transmission electron micrographs of
ZnO showing microstructure of ZnO cured at a 40 °C (lattice
scale image); inset shows crystalline morphology at low

size of the nanoparticles observed for the case of ZnO
synthesized at higher temperature (80 °C) was albeit on
higher range between 3 to 8 nm, but their external
contour was more or less same as in case of ZnO
prepared at 40 °C (Fig. 2b). The corresponding lattice
scale images (Fig. 2c, d) exhibited the presence of
important planes; 0.28 nm (hkl:100), 0.26 nm
(hk1:002), 0.25 nm (hkl:101), and 0.19 nm (hkl:102),
of ZnO hexagonal crystal structure. It is important to
note that the crystallinity in the annealed sample is quite
improved with the sharp appearance of the atomic
planes within the individual nanocrystals. FTIR analysis
was performed in order to elucidate the possible
coordination of ZnO nanoparticle with the capping
molecule PVP. FTIR (Fig. 3) display intense peaks at
1,043 and 1,670/cm (narrow) representing C-N and
C=0 functional groups of PVP, respectively, which
seems to be shifted toward high wavenumber in contrast
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magnification, b—d shows ZnO cured at 80 °C displaying
b morphology and ¢, d lattice scale images
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Fig. 3 FTIR spectra of ZnO nanoparticles in the range of
2,500-400/cm
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to the bonds in pristine PVP (Zhang et al. 2010; Chahal
etal. 2011). It is assumed that these shifts arise owing to
partial donation of the lone pair of electrons from N and
O atoms to the vacant orbitals of Zn”, thus, leading to
the formation of coordination bonds between pyrroli-
done ring and ZnO. Bands at 1,470 and 1,350/cm
corresponds to the vibration in pyrrolidone ring (Zhang
et al. 2010). Two weak bands were observed at about
500 and 430/cm, which probably corresponds to oxygen
deficiency and/or oxygen vacancy defect complex and
Zn—0O stretching bond in ZnO, respectively (Xiong et al.
2006). UV-Vis absorption spectra of ZnO (Guo et al.
2000; Son et al. 2012) nanoparticles dispersed in a blend
of chloroform and chlorobenzene (1:1) are shown in
inset in Fig. 4. A strong exciton absorption feature
appears at 270 nm owing to the relatively large exciton
binding energy (60 meV in bulk ZnO), and the signif-
icant blue shift of this feature relative to the bulk exciton
absorption (373 nm). This confinement effect is con-
sistent with the small size of the synthesized ZnO
nanoparticles using PVP capping. Upon annealing the
nanoparticles at 80 °C, a weak hump of 340 nm is found
to be associated with the peak at 270 nm (inset in
Fig. 4). Probably, this indicates broader size distribution
of the synthesized ZnO nanoparticles. Additionally,
absorbance curve bends in a tail running in the entire
visible region. The photoluminescence (PL) spectra
(Fig. 4) emerged as vital studies here, owing to gain
specifics of the PL emission in the synthesized nano-
crystalline ZnO. The PL process is closely related to the

—a— 40'C —e—80'C

Absorbance (au.}

Normalized PL Intensity (a.u.)

300 400 500
Wavelength (nm)

Fig. 4 Normalized photoluminescence (PL) spectra of ZnO
nanoparticles dispersed in a blend of chloroform and chloro-
benzene (1:1); inset shows normalized UV—-Vis absorption

surface stoichiometry and band gap transitions of the
nanomaterial. Emission in the visible region entails the
formation of various animated energy levels within the
forbidden gap due to a large number of surface “broken”
or dangling bonds and defect centers in their structure
(Xiong et al. 2006; Hai-Bo et al. 2007). Here, the
spectrum of the ZnO nanoparticles upon excitation at
260 nm demonstrate an outstanding narrow emission at
~285 nm followed by a broad emission centered at
360 nm, the tail of which is extending in the visible
region. Upon annealing the nanocrystalline ZnO at
80 °Cfor 1 h, the peak at 285 nm decreases in intensity
whereas the 360 nm peak dominates with a broad tail in
the visible region.

Characterization of nanocomposites

To obtain the relevant surface parameters of the films
using AFM, the nanocomposites of PFO:ZnO were
spin coated on glass slides at a speed of 2,000 rpm for
2 min followed by vacuum annealing at 150 °C for
~2 hto follow the analogous pattern of film assembly
used in the device. The rms roughness demonstrates
the increasing pattern for PFO and its nanocomposite
film (Fig. 5). For pristine PFO, the rms roughness
observed was 2.53 nm (Fig. 5a). Addition of ZnO
(cured at 40 °C) increases the roughness to 9.24 nm,
(Fig. 5b) renders the development of very fine parti-
cles. Here, aggregation or masses lead to increase in
domain size. As the annealing temperature is enhanced
to 80 °C, the roughness increases to 11.34 nm induc-
ing evolution of nano-scaled crystallinity (Fig. 5c).
Here, the nanoparticle seems to be coarse, distributed
uniformly throughout the polymer matrix. 3-D images
of pristine PFO and its hybrid shown in Fig. 5
elucidate surface topography as a function of ZnO
concentration and the impact of annealing treatment.
Photophysical studies on pristine PFO and its hybrids
with ZnO (Fig. 6) show variation in their solution and
thin film forms. In solution phase, an intense absorp-
tion peak (Ayax) (inset in Fig. 6a) of pristine PFO is
observed at 389 nm (Kulkarni and Jenekhe 2003,
Chen et al. 2005). Addition of 40 °C and 80 °C
annealed ZnO (inset in Fig. 6a) does not show any
shift in the absorption maxima of PFO. However, the
intensity of absorption intensifies with its addition in
both cases_ The absorption spectrum reveals a red shift
in the 4, position on moving from solution phase to
thin film forms. Moreover, thin film spectrum (inset in
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Fig. 5 AFM images (surface plots) of (a) pristine PFO, (b) PFO: 11 % ZnO (40 °C), and (¢) PFO: 11 % ZnO (80 °C); corresponding

three-dimensional images shown below

Fig. 6b) is broader in comparison to its solution phase
and the variation in the intensity upon addition of ZnO
is more pronounced. A broad hump in the high energy
at about 285 nm is observed in the both PFO:ZnO
hybrids whereas a shoulder at 418 nm is observed in
PFO: ZnO (80 °C) alone. For PL, several peaks of high
to medium intensities are clearly perceptible for
pristine PFO (in solution phase) (Fig. 6a) at about
406 (sharp), 430 (merged), and 470 (broad) nm. For
PFO: 11 % ZnO (40 °C) hybrid, peaks are more
noticeable (color purity) and are observed in similar
nanometer range along with a peak at 470 nm
separating into 460 and 480 nm and is slightly red
shifted. Similar spectral emission is observed in PFO:
11 % ZnO (80 °C) hybrid with the peak at 406 nm
becoming more prominent besides, peaks are red
shifted by few nm. As PFO and their hybrids were
deposited in thin film forms (Fig. 6b) followed by
annealing at 150 °C for 2 h, the PL emission for
pristine PFO at 406 nm is found to red shift by 20 nm,
along with peaks at 440 and 465 nm almost merging
with equal intensity. A peak of low intensity at 490 nm
is also observed with a broad shoulder in red region at
about 525 nm. PFO with 11 % ZnO (40 °C) (Fig. 6b)
shows 406 nm peak red shifted by 14 nm and
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emerging at 420 nm, along with peaks at 445,
470 nm (almost merging) of equal intensity. A peak
of intensity higher than the pristine PFO at 490 nm is
also observed with a broad shoulder in red region at
525 nm. The PFO with 11 % ZnO (40 °C) is inten-
sified in the entire spectral region and is broadening
and covering almost entire visible region of the
spectrum. PFO with 11 % ZnO (80 °C) hybrid shows
red shift of 406 nm peak by 24 nm, evolving at
430 nm along with prominent peak at 450 nm fol-
lowed by a peak at 490 and 525 nm similar to the other
two films, but are of lower intensity (Fig. 6b).

Characterization of device

Prototype OLED devices were fabricated using pris-
tine PFO and their hybrids with ZnO as EML, and the
current density versus voltage curve (Fig. 7a) of the
fabricated device was obtained. The characteristics of
the current density against the applied voltage reveal
excellent diode behavior displaying the driving volt-
age for the device with pristine PFO to be 4-5 V. The
device with PFO: ZnO hybrids show decrease in the
turn-on voltage to about 3-4 V. The J-V curve
specifies that the current passing through hybrid
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Fig. 6 Photoluminescence spectra (PL) of the nanocomposites
in (a) solution phase and (b) thin film form; inset shows UV-Vis
absorption of the nanocomposites in solution and thin film
forms, respectively

device in low-voltage region (below 4 V) is higher
than the pure device probably due to excess charge
carrier generation at low voltage. Above 4 V current
gain appears to be lower than in the pristine PFO
device suggesting better charge recombination effi-
ciency in the PFO:ZnO hybrid devices. Low current in
these hybrids is expected to improve the device
lifetime. Besides, in PFO: 11 % ZnO (80 °C) device,
current propagation is still lower than the other two
devices and its performance is stable up to high
voltages (large operational window/stability). It is
possible that the annealing of ZnO at 80 °C renders
better dispersion of the nanoparticles, enhanced crys-
tallization at nano scale, and improves charge injec-
tion at the interface. The electroluminescence
(Fig. 7b—d) of the fabricated devices was assessed in

three different devices. For the device with pristine
PFO, electroluminescence (EL) emission (at 7 V)
(Fig. 7b) is observed at 435, 460, 495, and 525 nm,
showing spectral stability with amplified voltage.
However, the peaks resolve better with enhancement
in voltage. The CIE coordinates (Fig. 7e) calculated
for the Pristine PFO is (0.28, 0.33) quite close to pure
white-light emission of (0.33, 0.33). Device with PFO:
11 % ZnO (40 °C) shows narrow emission (overall
spectral width) peaking at 430, 455, and 490 nm along
with a tail in red region. The EL emission is slightly
blue shifted and the spectral emission in the blue
region is more pronounced in comparison to the
pristine polymer. It is to be noted that the peak for blue
emission is far more pronounced than its green
spectral emission as well as the broadness of the total
emission range is increasing with prominence of the
peak in a blue region and a tail in the red region.
Besides enhanced broadness, the pronounced spectral
emission in blue region in conjunction with a tail in red
region leads to the generation of white light. Conse-
quently, the CIE coordinates calculated slightly tilted
toward blue region at (0.29, 0.28). The EL emission
for PFO: 11 % ZnO (80 °C) hybrid device appears at
430, 455, and 485 nm with a shoulder at 506 nm
revealing blue shift in contrast to pristine PFO. It
appears that the peak for green emission is more
prominent than its blue spectral emission as well as the
broadness of the total emission range (overall spectral
width) seems to cover the entire visible region. Here,
with increased green emission and broadening of
spectral emission, white light is emitted. The CIE
coordinates calculated in PFO:11 % ZnO (80 °C) is
observed at (0.28, 0.30) inclined toward green,
producing white light. It is to be noted that the charge
transport in polymers follow hopping phenomenon.
Stabilization of EL peaks in PFO doped ZnO, is
probably due to the creation of additional hopping
sites leading to shortening of hopping distance facil-
itating transport properties (Rao et al. 2009). Simul-
taneously, enhanced crystallization or roughness (low
amorphosity) improves dispersion of the ZnO in the
polymer matrix (also indicated by AFM and TEM
studies) modifying morphology of the polymer film
PFO. Consequently, it increases the interfacial area
between the EML film and the Al cathode, and thus
accelerate electron injection refining radiative recom-
bination (Rao et al. 2009).
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Fig. 7 a Current density versus voltage curve (J-V) of the
fabricated device using PFO:ZnO nanocomposites; EL spectra
of the devices recorded at room temperature using (b) pristine

Conclusion

Zinc oxide was synthesized by wet chemical method.
Structural and microstructural examinations ascer-
tained evolution of ultrafine particles with narrow size
distribution ensuing hexagonal wurtzite phase. Curing
of particles at different temperatures, points to change
in growth morphology revealing variation in spectral
emission most likely due to enhanced defect emission.
High-temperature treatments demonstrate better nano-
crystalline ZnO, well dispersed in PFO. The nano-
composites (PFO:ZnO) show enhanced optical
absorption while PL studies does not show significant
change except for PFO: 11 % ZnO (80 °C) film.
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PFO, (¢) PFO: 11 % ZnO (40 °C) and (d) PFO: 11 % ZnO
(80 °C); (el, e2) shows corresponding CIE coordinates

Fabricated hybrid device show improved EL and turn-
on voltage along with enhanced stability (can sustain
high voltage), which is a direct consequence of the
modified surface morphology noticeable through cur-
ing treatments. The pristine PFO device gives white
emission and by addition of ZnO white emission
sustains with enhanced stability.
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