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The effects of the polymer concentration on the performance of hybrid light emitting diodes (LEDs)
based on zinc oxide nanorods (ZnO NRs) and poly(9,9-dioctylfluorene) (PFO) were investigated.
Various characterization techniques were applied to study the performance of the PFO/ZnO NR
hybrid LEDs fabricated with various PFO concentrations. The fabricated hybrid LEDs demonstrated
stable rectifying diode behavior, and it was observed that the turn-on voltage of the LEDs is
concentration dependent. The measured room temperature electroluminescence (EL) showed that
the PFO concentration plays a critical role in the emission spectra of the hybrid LEDs. At lower
PFO concentrations of 2-6 mg/ml, the EL spectra are dominated by blue emission. However, by
increasing the concentration to more than 8 mg/ml, the blue emission was completely suppressed
while the green emission was dominant. This EL behavior was explained by a double trap system of
excitons that were trapped in the f-phase and/or in the fluorenone defects in the PFO side. The
effects of current injection on the hybrid LEDs and on the EL emission were also investigated.
Under a high injection current, a new blue peak was observed in the EL spectrum, which was
correlated to the creation of a new chemical species on the PFO chain. The green emission peak was
also enhanced with increasing injection current because of the fluorenone defects. These results
indicate that the emission spectra of the hybrid LEDs can be tuned by using different polymer
concentrations and by varying the current injected into the device. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4754542]

. INTRODUCTION

Zinc oxide (ZnO) is a II-VI semiconductor with a large
direct band gap of 3.37eV and a relatively large exciton
binding energy of 60meV with many interesting electro-
optical properties.! ZnO has become a very attractive mate-
rial for nanostructure applications, providing simple growth
procedures on almost any underlying surface because of its
self-organized growth property.> One promising technique
for growth of ZnO nanostructures is the use of the chemical
bath method, which is a low growth temperature method that
can easily be scaled up for large area applications.® This pro-
cess yields ZnO in nanostructure form and enables the appli-
cation of ZnO nanorods (NRs) on polymer substrates.*

Since the ZnO NR/polymer hybrid light emitting diode
(LED) was first reported by Koénenkamp er al.,’ many
articles have described various LEDs based on ZnO NR/
polymer heterojunctions.®™ Different polymers were used to
fabricate these devices and the most intensively studied poly-
mers in connection with ZnO are PEDOT:PSS and polyfluor-
ene (PFO). PFO is well known for its blue emission together
with interesting electrical and electro-optical properties,
making it suitable for polymer light emitting diode applica-
tions.'™!'!" PFO also has a simple chemical structure but is
rich in morphological features, depending on the processing
conditions used, which can affect the device performance
and the emission color.'? It should be noted that polymer
LEDs suffer from several disadvantages, including the lack
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of the stable n-type polymer necessary for device efficiency
and long-term operational stability.'* In contrast, ZnO is an
inorganic semiconductor with high electron mobility and
superior stability for long-term operation. However, in con-
trast to organic polymers, ZnO intrinsically possesses an n-
type tendency and efficient ZnO p-type doping with good
reproducibility has thus far been difficult to attain.'* The
combination of inorganic ZnO with organic polymers can
pave the way toward large area lighting applications with
simple fabrication strategies.

Previous reports on PFO/ZnO NR-based hybrid LEDs
demonstrated their fabrication and white light electrolumi-
nescence (EL) by using a single PFO layer or by blending
two polymers. However, the effects of the polymer thickness
and of the variation of the injected current on the electrical
and emission properties of PFO/ZnO NR-based hybrid LEDs
were not investigated.'>'® In this paper, we report on the
effects of the PFO concentration on the overall performance
of a hybrid white light emitting diode fabricated using ZnO
NRs grown at 50 °C on PFO/PEDOT:PSS multilayered poly-
mers on flexible plastic substrates. Large electro-optical
performance variations were found when varying the PFO
concentration from 2mg/ml up to 20 mg/ml. These changes
were investigated with respect to the defect formation in the
PFO side. The effect of the injected current on the electrolu-
minescence spectra of the LEDs has also been studied.

Il. EXPERIMENTAL PROCEDURES

Poly(9,9-dioctylfluorenyl-2,7-diyl) end capped with
dimethylphenyl, or PFO, was purchased from American
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Dye Source (ADS 129BE) and was used as-received. A
commercial PEDOT:PSS coated flexible plastic was used
to act as the hole injection electrode for the PFO layer. Zinc
nitrate hexahydrate (Zn(NO3),-6H,0) and hexamethylene-
tetramine (HMT, CgH;,N4) as purchased from Sigma-
Aldrich were of analytical reagent grade and were used
without further purification.

The fabrication of the hybrid LEDs begins with standard
chemical cleaning of the PEDOT:PSS flexible plastic sub-
strates in an ultrasonic bath. The PFO solutions were pre-
pared by dissolution at concentrations of 2, 4, 6, 8, 10, and
20 mg/ml in toluene under ultrasonic agitation for 5 min, and
they were then spin coated on the PEDOT:PSS plastic sub-
strates at a spin speed of 2000 rpm (revolutions per minute)
for 40 s, followed by soft baking for 10 min at 75 °C.

The growth procedure for the ZnO NRs was initiated by
spin coating of a nucleation ZnO nanoparticle (NP) solution
prepared by following the procedure described in our earlier
work.* The NPs were spin coated on the multilayer polymer
flexible substrates. At the same time, an aqueous solution of
zinc nitrate and HMT was prepared by dissolving equimolar
amounts of 0.15M of each chemical in 200 ml of deionized
water. Finally, the substrates were immersed horizontally
into the aqueous solution and loaded into a laboratory oven
set at 50 °C for several hours. The as-grown samples were
then rinsed in deionized water to remove any residual salt,
and were blown dry with a N, gun.

A photoresist (Shipley S1818) was spin coated on top of
the hybrid LEDs to insulate the individual ZnO NRs from
each other, at a spin speed of 3000 rpm and then baked for
2min at 90°C. An oxygen reactive ion etch (RIE) was
applied to partially remove the photoresist coverage on the
ZnO NR tips to allow top contact deposition. Finally, an alu-
minum (Al) thin film (30nm) was thermally evaporated
through a shadow mask with a circular shape. A simple sil-
ver (Ag) paint was used to form the hole injection contact
layer.

The fabricated hybrid LEDs were subjected to various
characterization techniques, including surface profiling
(Veeco Dektak 3 ST) for polymer thickness measurements,
and scanning electron microscopy (SEM) to investigate the
morphology of the grown ZnO NRs. An Agilent 4155B
semiconductor parameter analyzer was used to study the
current-voltage (I-V) characteristics of the fabricated LEDs.
A Perkin Elmer Lambda 900 UV-VIS-NIR spectrometer was
used to analyze the PFO absorption properties, and an Andor
Shamrock 303iB spectrometer supported with an Andor-
Newton Du-790N CCD was used to investigate the EL char-
acteristics of the LEDs, which were biased using a Keithley
2400 source meter.

lll. RESULTS AND DISCUSSION

A schematic diagram of the PFO/ZnO flexible hybrid
LEDs is shown in Fig. 1(a), illustrating the different polymer
layers on the flexible plastic foil. The thickness of the
PEDOT:PSS layer was found to be ~60nm, while the thick-
nesses of the PFO layer ranged from ~29.1 nm for the 2 mg/ml
concentration to ~300nm for the 20mg/ml concentration.

J. Appl. Phys. 112, 064324 (2012)
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FIG. 1. (a) Schematic diagram of the hybrid light emitting diode showing
the structure of the fabricated device. (b) Field emission SEM micrographs
of ZnO nanorods grown on the PFO polymer layers on top of a PEDOT:PSS
plastic flexible substrate.

It was noted that as the PFO concentration increased from
2 to 20 mg/ml, the coated PFO thin films became increasingly
rough and large parts of the PFO were coiled. The resulting
thin films therefore contained hill-and-valley shaped areas
which strongly affected the subsequent growth of the ZnO
NRs. In Fig. 1(b), an overview SEM micrograph of ZnO NRs
grown at 50 °C on a PFO (2 mg/ml) coated plastic substrate is
shown. The growth of ZnO NRs at this low temperature pro-
duces good quality NRs with high c-axial orientation, as
we reported previously.* The average diameter of the ZnO
NRs is between 100 and 150 nm, as shown in the inset of
Fig. 1(b). The axial length of these NRs is approximately
2.3 um, demonstrating a high average aspect ratio of ~16.
The UV-VIS absorption spectra of the various PFO
layers spin coated on PEDOT:PSS are shown in Fig. 2.
The relative absorption intensities increase with increasing
PFO concentration from 2 to 20 mg/ml. PFO has a broad
absorption peak centered at ~390 nm which is attributed to
the n-n* electronic transition. This broad absorption curve
is characteristic of polyfluorene polymers and is termed the
glassy phase or a-phase.'” At higher concentrations, a frac-
tion of the glassy phase (a-phase) of PFO starts to crystal-
lize into an aggregated state termed the f-phase, as shown
in Fig. 2. The occurrence of the f-phase is characterized by
an absorption peak at ~436nm.'® f-phase formation occurs
as a result of the crystallization of the n-alkyl side-chains,
forcing the polymer main chains into a coplanar arrange-
ment of the fluorene building blocks. This process increases
the length of the m-conjugation along the polyfluorene
main-chain.'® Figure 2 shows that at the lower PFO concen-
trations (2mg and 4mg), only the «-phase (amorphous
state) is present. The characteristic peak of the [-phase
emerged as a shoulder at 437 nm for PFO concentrations
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FIG. 2. UV-Visible absorption spectra of all LEDs.

higher than 6 mg/ml and then became stronger as the con-
centration increased up to 20 mg/ml.

The current-voltage (I-V) characteristics of the fabricated
hybrid LEDs are shown in Figs. 3(a) and 3(b) for the different
PFO concentrations. Figure 3(a) represents the I-V characteris-
tics of the device with the lowest PFO concentrations. The I-V
curve reveals excellent and stable rectifying diode behavior
with a turn-on voltage of approximately 345V and a
rectification ratio of ~7.6 at 5 V. The ideality factor was calcu-
lated to be n = 2.93; a higher ideality factor value is frequently
associated with ZnO/polymer hybrid heterojunctions.20 The
log scale plot of the I-V curve is shown in the inset of Fig.
3(a), which was used to deduce the 5 value. The processes
involved in the current injection can be described as follows.
Each of the LEDs has a multilayered structure of Ag/PEDOT/
PFO/ZnO/Al; the electrons are injected from the Al contact
into the ZnO conduction band, while the holes are injected
into the PEDOT:PSS layer through a (~1.0eV) band offset
and are then transported to the light emitting layer, i.e., the
PFO layer (band offset ~0.6eV). The total injection barrier
for the holes is therefore around 1.6eV, and a large step is
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then made by the holes to reach the PFO/ZnO interface (band
offset ~1.8eV), resulting in a total injection barrier of 3.4eV
for the carriers in this structure.'® This value is in good agree-
ment with the turn-on voltage mentioned above. The I-V
characteristics of the LEDs fabricated with various PFO con-
centrations are shown in Fig. 3(b). These characteristics show
that as the PFO concentration increases from 2mg/ml to
20 mg/ml, the turn-on voltage increases significantly and the
corresponding I-V curve exhibits a relatively lower current
density. This was to be expected because an increase in the
PFO thickness means that the diode parasitic resistance will
also increase. The increase in diode parasitic resistance can be
caused by imperfections at the PFO/ZnO NR interface and/or
excessive contact resistance (series resistance). As discussed
earlier, at higher PFO concentrations, the fabricated thin film
contains areas with hill and valley shapes, which in turn pro-
duce areas of low and high ZnO NR density, respectively.
Thus, the I-V characteristics of the hybrid LEDs are affected
by these density variations.

The room temperature EL spectra of the LEDs fabri-
cated with different PFO concentrations are shown in Figs.
4(a) and 4(b). All of the EL spectra exhibited broad visible
emission extending from 430 nm up to 750 nm, i.e., covering
the entire visible spectrum. The EL spectra for low PFO con-
centrations (2-8 mg/ml) featured prominent blue peaks at
452nm and 473 nm. The former is caused by the excitonic
emission of the PFO, while the latter peak belongs to its
vibronic replica.>! Two additional peaks were observed in
the EL spectra of Figs. 4(a) and 4(b) at 508 nm and 540 nm.
The emission at 508 nm can be ascribed to the electrochemi-
cal degradation of PFO during device operation. The elec-
trons injected from the ZnO NR sides induce chemical
reactions in the PFO, which causes cross-linking of the PF
chain and leads to cleavage of the ¢ band.

The green band emission at 540nm is attributed to
two possible sources: the first potential source is the ZnO
NR deep level defect (DLE) emission which is observed
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FIG. 3. (a) Current-voltage (I-V) characteristics of the fabricated LED for 2 mg/ml PFO; the inset shows the semi-log plot of the I-V characteristics. (b) I-V

characteristics of ZnO NR/PFO hybrid LEDs for various PFO concentrations.
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FIG. 4. (a) and (b) Electroluminescence spectra of the hybrid LEDs with PFO concentrations from 2 mg/ml to 20 mg/ml.

particularly in the low temperature grown nanorods.*> How-
ever, the origin of the DLE green band is not yet conclu-
sively proven, because many point defects have been
assigned as a potential source of the DLE emission in ZnO.>
Oxygen vacancies (V) are one possible source of this green
band emission, and zinc vacancies (V) with different opti-
cal characteristics have also been proposed as the origin of
this broad green luminescence band in ZnO.* Similarly, the
PFO thin film side may comprise large numbers of radiative
defects. The interaction between the ZnO NR surfaces and
the PFO thin films makes the PFO link up with the ZnO,
which in turn leads to ZnO NR/PFO interfaces containing
strong defect emissions.”* The PFO defect emission is attrib-
uted to the formation of on-chain defects in the presence of
oxygen or fluorenone.? The fluorenone defects are generated
through the incorporation of oxygen as O=C bonds in the
polymer backbone, which can easily be formed by electro-
(or photo-) oxidation of the polymer.® During the device
fabrication processes, the PFO thin films were annealed in
air to evaporate the solvents. Subsequently, the substrate
coated with the PFO thin film was placed in an aqueous solu-
tion for the growth of ZnO NRs. These two device process-
ing steps are performed in oxygen-rich environments which
favor the formation of fluorenone defects. It was found that
increasing the PFO concentration in the hybrid LEDs caused
the EL emission spectra to change markedly, as shown in
Figs. 4(a) and 4(b). The changes in the EL spectra of the
PFO/ZnO LEDs can be described as follows. The dominant
blue peak at 452 nm was gradually suppressed with increas-
ing PFO concentration up to 6 mg/ml. The dominance of the
peak at 473 nm started at a concentration of 8§ mg/ml and
continued for concentrations up to 20 mg/ml. The intensity
of the broad green emission of the PFO/ZnO LEDs was also
enhanced by increasing the PFO concentration. The intensity
drop of the 452nm peak can be correlated with the emer-
gence of the f-phase (see Fig. 2) at the expense of the
o-phase, as discussed earlier. The f-phase emission is very
close in energy to that of the vibronic replica of the a-phase
(473nm), and as a result the glassy phase is hindered by
the formation of the f-phase.”” As shown in Fig. 4(a), the
452 nm peak gradually decreased for PFO concentrations up

to 6mg/ml, and the emission from the f-phase emerges
instantaneously. Figure 5(a) depicts the increases in relative
intensity of the f-phase and the relative decreases of the
452 nm peak of PFO in the EL spectra; the inset shows that
both the f-phase and the peak at 473 nm increased with the
PFO concentration. The drop in the first peak (452 nm) of the
EL spectra implies either fast and effective energy transfer
from the a-phase to the f-phase domain®® or that the f-phase
may act as a low-energy trap for the excitons because it has a
smaller energy gap when compared to the o-phase.”” Both of
these mechanisms result in the drop in the 452 nm peak in-
tensity when the contribution from the pf-phase in the
PFO film increases. Another change which was observed in
the EL spectrum is the enhancement of the green peak
with increasing PFO concentration. This enhancement of
the green band emission may originate from the increased
quantity of fluorenone defects that were introduced by larger
concentrations of PFO (in the film thickness), or from the
increased density of ZnO NRs for higher PFO concentrations,
or from a combination of the two effects. Two processes are
involved simultaneously in the green band emission of the
PFO: first, energy transfer from the excitons on the PFO main
chain to the fluorenone defect sites, and second, trapping of
excitons at the fluorenone defect sites followed by radiative
recombination.”® The fluorenone defects act as a low-energy
trap, and we expect that there will be competition between
the f(-phase and the fluorenone defects for the excitons that
were created within the PFO thin film.*’

The observed concentration dependent EL of the LEDs
can also be explained by assuming that a ternary system
exists, comprising a PFO o-phase, a f-phase and the fluore-
none defects. In this case, the energy transfer can populate
the double trap system to generate the EL emission spectra
of the PFO/ZnO NR LEDs. Excitons are created in the
a-phase and then radiatively recombine according to the (0-
0) transition which produces the 452 nm peak for low PFO
concentrations. At higher concentrations, these excitons are
energy transferred from the o-phase to the -phase and then
recombine to produce the overlapping peak at 473 nm. The
third possible path for the excitons is to be trapped in the flu-
orenone defect sites and then, together with the DLE ZnO
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FIG. 5. (a) Integrated intensity of the blue emission peak for all LEDs, showing the reduction of the blue peak (452 nm) and the increased relative intensity of
the f-phase at higher PFO concentrations; the inset shows the peak at 473 nm increasing with increasing f-phase. (b) Chromaticity diagram (CIE coordinates)
for all fabricated LEDs showing the emission color change from bluish to greenish white.

NRs, enhance the green emission of the hybrid LEDs. This
last process is responsible for the quenching of the blue
emission.

The corresponding Commission Internationale de I’Eclair-
age (CIE) chromaticity coordinates of the spectra at different
concentrations are shown in Fig. 5(b). The emission color of
the LEDs changes from bluish-white with color coordinates
(0.259, 0.312) to a greenish-white (0.309, 0.418) with increas-
ing PFO concentration, while the correlated color temperature
(CCT) decreases from 11741 K to 6196 K.

To explore our previous assignment on the effects of the
injected carriers on defect emissions of PFO caused by elec-
trochemical oxidation of the polymer chains, we performed
current dependent EL. measurements. The EL spectra of the
LEDs with the lowest (2mg/ml) PFO concentration were
measured at injected currents of 0.3 mA, 0.6 mA, 2.3 mA,
and 5.0 mA for a fixed applied voltage of 15V. The results
are shown in Fig. 6(a) for only the lowest and highest

injected currents, while the corresponding CIE diagram for
these LEDs is depicted in Fig. 6(b). Interestingly, at low
injection currents (0.3-0.6 mA), the EL spectrum shows the
blue peaks that are identical to those discussed earlier, i.e., at
452nm and 470nm. The EL also exhibited a broad green
band related to the radiative defects in the PFO/ZnO hybrid
LED as discussed above. When the injected current was
increased further to 2.3-5mA, a new peak at 465nm
emerged in the EL spectra (Fig. 6(a)). Figure 6(a) also shows
that the green band emission at 540 nm becomes higher than
that of the blue peak. At low injection currents, electron-hole
recombination occurs at the PFO/ZnO NR interfaces. When
the injection current increases, the electron density also
increases and more carriers accumulate at the PFO/ZnO
interface. The accumulated electrons promote the degrada-
tion of the LEDs by electrochemical oxidation of the PFO
thin film.>' The appearance of the 465 nm peak in the EL of
the PFO based devices thus arises from new chemical
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FIG. 6. (a) Electroluminescence spectra of the ZnO NR/PFO (2 mg/ml) LED
LED.
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at low and high injection currents. (b) Chromaticity diagram of the corresponding
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FIG. 7. The effect of different injection currents on the CRI and the CCT.
species that appear as a result of an excess of electrons.”®
This is ascribed to the fact that the electron mobility in ZnO
NRs is higher than the hole mobility in PFO.** Electrons
at high injection currents directly traverse at the PFO/ZnO
interface and because the PFO layer is sufficiently thin
(29.1 nm), the probability of an electron recombining with a
hole at the PFO side becomes a minimum. This will favor an
accumulation of electrons at the PFO/PEDOT:PSS interface,
which may shift the recombination zone towards this inter-
face. The green emission peak at 540 nm is also enhanced
and becomes higher than the blue emission peak under high
injection currents. The current flow through the polymer is
also believed to play a crucial role in the oxidation of the
polymer.*? During the electro-oxidation process of PFO, flu-
orenone defects are formed which in turn increase the green
emission over the blue emission.*

Changing the injected current affects the color rendering
index (CRI) and the CCT, as shown in Fig. 7; at low currents
(<1 mA), the CCT is a maximum and the CRI is a minimum,
and increasing the injection current causes the CCT to
decrease and the CRI to increase. By increasing the injection
current, the green emission peak is enhanced and broadens
because of the oxidation of the PFO and/or the DLE of
the ZnO NRs, which results in an improved CRI, which
increased from 68 to 86 with increasing injection current
from 0.3 mA to 5.0 mA. This indicates that the LEDs operat-
ing at higher injection currents come closer to natural white
light. Conversely, the CCT falls from 12731 K to 5042 K,
which shows that the fabricated hybrid LEDs give an impres-
sion of cold light at low injection currents and an impression
of warm light at high injection currents.

IV. CONCLUSION

We have demonstrated white light emission from PFO/
ZnO NR hybrid LEDs grown on a plastic substrate at 50 °C.
Analysis of the EL spectra reveals that the emission spectra
of hybrid LEDs can be tuned from a bluish white to a green-
ish white by increasing the PFO concentration. The trapping
of excitons in the f-phase and by the fluorenone defects
results in the reduction of the blue peak at 452 nm and the
enhancement of the green emission band at higher PFO con-
centrations. The chromaticity coordinates, the CRI and the

J. Appl. Phys. 112, 064324 (2012)

CCT also varied for devices with different PFO concentra-
tions. Also, the EL spectra under different injection currents
show that because of electro-oxidation of the PFO at higher
currents, a new peak appears at 465nm together with an
enhancement of the green emission band. Our results show
that tunable emission spectra can be obtained by varying the
polymer concentration and increasing the injection current.
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