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Abstract Polymer Light Emitting Diodes (PLEDs) with an ITO/PEDOT:PSS/PVK/PFO-poss/LiF/Al structure

were prepared on plasma-treated ITO/glass substrates using spin-coating and thermal evaporation methods.

The annealing effects of the PFO-poss film when it acts as the emission layer were investigated by using

electrical and optical property measurements. The annealing conditions of the PFO-poss emission film were 100

and 200 oC  for 1, 2 and 3 hours, respectively. The luminance increased and the turn-on voltage decreased when

the annealing temperature and treatment time increased. After examining the Luminance-Voltage (L-V)

properties of the PLED, the maximum luminance was found to be 1497 cd/m2 at 11 V for the device when it

was annealed at 200 oC for 3 hours. The peak intensity of the PLED emission spectra at approximately 525 nm

in wavelength increased when the annealing temperature and time of the PFO-poss film increased. These

results suggest that the light emission color shifted from blue to green.
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1. Introduction

Generally, organic light emitting diodes (OLED) can be

classified with a small molecule LED and polymer LED

(PLED) according to the emission materials introduced to

the devices. OLEDs have attracted considerable attention

for the next generation displays because they have advan-

tages such as low power consumption, wide color gamut

and good viewing angle with a self light emission as well

as thin and light devices.1-3) OLEDs are generally manufac-

tured using large scale thermal evaporation systems,

which have disadvantages for large area display. On the

other hand, PLEDs can be prepared using the spin

coating and inkjet printing methods, which means that

they can be manufactured at low cost.4-7) In addition, PLEDs

can be applied to flexible displays using large and rollable

plastic substrates. The PLED is current operational device

which emit the light through the recombination of excitons

injected from anode and cathode electrodes. It is desirable

to prepare the PLEDs with good interfacial adhesion

property and surface morphology between electrode and

organic films.8,9) In particular, to optimize the electron and

hole recombination process at the emitting layer of PLED,

it is necessary to carry out the ITO (indium tin oxide)

surface treatment and adhesion improvement between

inter-layer films.

PFO-poss [Poly(9,9-dioctylfluorenyl-2,7-diyl) end capped

with poss] can be applied to full color displays and white

light sources because it emits various energies through

energy transfer from the dopant.10,11) It is estimated that

this energy transfer is caused by both dopants and the

thermal treatment conditions of the emission organic

films. Until now, most of the papers have been focused

on the doping effects of the emitting materials and/or

new device structures in order to improve the luminance

and light quantum efficiency of the PLED devices.

In this work, the PLED devices with ITO/PEDOT:PSS/

PVK/PFO-poss/LiF/Al structure were prepared on the

plasma-treated ITO/glass substrates. The dependence of heat

treatment (annealing) effects of the PFO-poss emission

film layer on the electrical and optical properties of the

PLED devices were investigated.

2. Experimental procedure

2.1 Materials and Devices

Patterned ITO/glass with a sheet resistance of approxi-

mately 8 Ω/□ was used as a substrate to prepare the PLEDs

with a ITO/PEDOT:PSS/PVK/PFO-poss/LiF/Al structure.

The substrates were cleaned ultrasonically with acetone,

isopropyl alcohol (IPA) and deionized water.12) The cleaned
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ITO substrates were then plasma-treated to improve the

surface morphology and remove the organic particles, which

led to good adhesion with the organic film layers.13-15)

The PEDOT:PSS [poly(3,4-ethylenedioxythiophene)-poly-

styrene sulfonate] and PFO-poss polymer materials were

used as the hole injection layer (HIL) and emission layers

(EML) of the PLED device. The PEDOT:PSS precursor

solution was made by mixing with toluene and then filtered

through a 0.45 µm Milex filter. Then, the prepared solution

was spin coated on the ITO/glass substrate at 1000 rpm

for 90 seconds. The coated PEDOT:PSS film was dried

at 100 oC for 2 hrs in a vacuum dry oven. For improving

the light efficiency of the prepared PLED devices, the

PVK [poly(N-vinylcarbazole)] as hole transport layer (HTL)

was also dissolved with the mono-chlorobenzene and spin

coated onto the PEDOT:PSS layer. After then, the PFO-

poss emitting materials were dissolved in a mixture of

1 wt% mono-chlorobenzene and toluene. Following this,

the prepared PFO-poss solution was spin coated onto the

PVK/PEDOT:PSS/ITO/glass substrate at successive rotation

speeds of 1000 and 3000 rpm for 20 seconds each, which

was followed by annealing at 100 and 200 oC for 1, 2 and 3

hours in order to investigate the low temperature annealing

effect of the PFO-poss emitting film. These processes were

carried out in a glove box under an N2 gas atmosphere to

protect the devices from moisture and oxygen.

The LiF used as the electron injection layer (EIL) and

aluminum cathode electrode (LiF/Al) were deposited by

the thermal evaporation method in a vacuum chamber with

a base pressure of 5 × 10-8 torr. An approximately 1 nm thick

LiF layer as an EIL and 150 nm thick aluminum cathode

electrodes (LiF/Al) were deposited by thermal evaporation.

Fig. 1 shows the energy band diagram and chemical

structure of materials of the prepared PLED device.

2.2 Measurements

The surface morphology and roughness of the coated

films were measured by Digital Instruments (Dimension

3100-IVA) atomic force microscopes (AFM). The atomic

force microscopes quantitative surface analysis with resolu-

tion in the nanometer region in all three dimensions is

possible. In this experiment, the silicon cantilevers integrated

tip of 125 µm length, and resonant frequency of 300 kHz

were used for tapping mode imaging. The crystal properties

of the emission film layer were examined by X-ray

diffraction (XRD). The electrical properties of the PLEDs

were investigated using the HP4145B semiconductor meas-

urement system. And for the measurement of optical

properties, the luminance, spectrum wavelength and CIE

(Commission Internationale de I'Eclairage) color chart

were evaluated using CS-1000 sprectro-radiometer (Konica

Minolta Co.).

3. Result and Discussion 

3.1 The annealing effect of PFO-poss

emission film

The patterned ITO/glass with the size of 1 X 1 inch

square was used as starting substrates. A good surface

morphology of ITO transparent electrode film might

improve the interfacial adhesion between the ITO and

organic film layer. Moreover, an improvement in the

surface roughness of the ITO layer can allow the holes to

be injected easily into the organic emission layer, which

results in a low operation voltage of the device. Therefore,

the sheet resistance of the ITO transparent electrode film

needs to be reduced by optimizing the surface treatment

of the electrode film. For this purpose, the electrical

properties of ITO electrode films after the O2 plasma

Fig. 1. Cross-sectional view of the PLEDs.
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treatment were examined by plasma treating the ITO/

glass substrates as functions of the O2 pressure, RF input

power and treatment time as previous experiment.15) In this

experiment, the ITO/glass substrates, which were plasma-

treated at 100 W in RF power for 30 seconds under O2

pressure of 40 mTorr, were used to manufacture the PLED

device considering the optimum condition of the surface

morphology and sheet resistance of the ITO film.

The annealing condition of PFO-poss emission layer of

the PLED was optimized by the heat-treating of the prepared

PLEDs at low temperatures and examining the electrical

and optical properties. The emission PFO-poss organic films

were annealed at 100 and 200 oC for 1, 2 and 3 hours. 

Fig. 2 shows the surface morphologies and RMS values

of the PFO-poss emission film layers under various an-

nealing conditions. The RMS value increased slightly with

increasing annealing time from 1 to 3 hours. On the other

hand, the RMS values increased drastically with increasing

annealing temperature from 100 to 200 oC, indicating a rough

film surface at a higher temperature. The RMS values for

the PFO-poss emission film with heat treatment at 100 oC

was increased from 2.47 to 3.04 nm, and also at 200 oC

increased from 6.02 to 7.14 nm with increasing annealing

time from 1 to 3 hours. This result may be caused to the

crystallization of the PFO-poss film annealed at 200 oC. 

Fig. 3 shows the XRD patterns of the PFO-poss emission

layer under various annealing conditions. The PFO-poss

crystalline peaks appeared at 2θ (theta) = 6.5
o for the sample

annealed at 200 oC. However, there was no diffraction

Fig. 2. AFM surface morphologies with the RMS values for the PFO-poss emission layer annealed at 100 and 200 oC for 1, 2

and 3 hr.

Fig. 3. XRD patterns of the PFO-poss films annealed at 100

and 200 oC for 1, 2 and 3 hr.
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peak for the PFO-poss film layer annealed at 100 oC

regardless of the annealing time, indicating the PFO-poss

film layer is amorphous phase. In contrast, the XRD

measurements show that the PFO-poss emission layer can

be crystallized partially when the samples are annealed at

200 oC for 1 to 3 hours. The crystallized phase of the

emission layer can lead to an improvement of the luminance

properties of PLED devices by means of the increased

carrier mobility and excitons (electron and hole pairs)

recombination.16)

3.2 Electrical and Optical Properties of the

prepared PLED devices

The effect of annealing the PFO-poss emission layer

was examined by measuring the electrical and optical

properties of the PLEDs.

Fig. 4 shows the current density versus voltage charac-

teristics for the PLEDs with the PFO-poss emission layer

annealed at 100 and 200 oC for 1, 2 and 3 hours. The

current density of the PLED device annealed at 100 oC

increased significantly with increasing annealing time from

1 to 3 hours. On the other hand, the current density of the

PLED with PFO-poss film annealed at 200 oC showed

much larger values than those annealed at 100 oC. The

turn-on voltage decreased from approximately 8 to 5 V with

increasing annealing temperature from 100 to 200 oC.

Fig. 5 shows the change in luminance as a function of

input voltage for PLEDs with a PFO-poss film annealed

at 100 and 200 oC for 1, 2 and 3 hours. The luminance of

PLED devices with the PFO-poss film annealed at 100 oC

increased from about 6 to 36 cd/m2 with increasing an-

nealing time from 1 to 3 hours. The maximum luminance

of 1497 cd/m2 was observed in the PLED device with the

PFO-poss film annealed at 200 oC for 3 hours. The results

of the electrical and optical properties of PLEDs at various

annealing conditions suggest that the higher current density

and luminance are related to the increased carrier injection

into the emission layer17) through the crystallization of the

Fig. 4. The current density versus the voltage characteristics of

the PLEDs with a PFO-poss emission layer annealed at 100

and 200 oC for 1, 2 and 3 hr.

Fig. 5. The luminance versus voltage characteristics of the

PLEDs with a PFO-poss emission layer annealed at 100 and

200 oC for 1, 2 and 3 hr.

Fig. 6. The emission spectra of the PLEDs with a PFO-poss

film annealed at 100 and 200 oC for 1, 2 and 3 hr.
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PFO-poss film annealed at 200 oC, as shown in Fig. 3.

Fig. 6 shows the emission spectra of the PLEDs with

the PFO-poss film layer annealed at 100 and 200 oC for 1,

2 and 3 hours. The emission intensities of the 3rd peaks

(wavelength approx. 525 nm) for the PLEDs with the PFO-

poss film annealed at 200 oC was higher than 1st emission

peak (wavelength approx. 435 nm) annealed at 100 oC. The

major emission peaks along with the transition responsible

for the change of the energy band gap due to interaction

between the excited state of the molecule and ground

state of other molecule of PFO-poss.18)

The emission spectra also increased significantly with

increasing annealing time from 1 to 3 hours. This suggests

that the light emission color shifted to a longer wavelength

from blue to green. From the emission spectra measure-

ment, it was estimated that electron/hole pairs are formed

at a lower energy level when the PFO-poss films are

annealed at 200 oC. Y. Shi reported19) that the emission

color of the PLED shifted to a longer wavelength with

increasing annealing time.

We conjecture that the shift to longer wavelength (color

shift) is related to the change of energy band gap between

two samples with PFO-poss annealed at 100 and 200 oC.

Fig. 7 shows the schematic optical energy band diagrams

of the PFO-poss film annealed at the (a) 100 oC and (b)

200 oC. As shown in energy band diagram, the optical band

gap energy between highest occupied molecule orbit

(HOMO) and lowest unoccupied molecule orbit (LUMO)

can be changed with smaller value up to about 2.4 eV

when the PFO-poss film layer is crystallized at 200 oC.

Whereas, the energy band gap was estimated about 2.9 eV

of the PFO-poss film annealed at 100 oC. These energy

band gaps were calculated by the equation (1). 

 (1)

Where, E is the energy band gap between HOMO and

LUMO level, h is Planck`s constant (6.623 × 10-34 J·s), c is

the speed of light (3 × 108 m/s) and λ is the main emission

peaks of PLEDs (435 and 525 nm in wavelength). 

The electrical properties of PLEDs according to PFO-

poss emission layer at the annealing conditions were

summarized in Table 1.

4. Conclusions

PLED devices with ITO/PEDOT:PSS/PVK/PFO-poss/

LiF/Al structure were prepared on the plasma-treated ITO/

E hv
h c×

λ
-----------= =

Fig. 7. The schematic optical energy band diagrams of the PFO-poss films annealed at the (a) 100 oC and (b) 200 oC.

Table 1. The summarized electrical and optical properties of PLEDs according to PFO-poss emission layer at the annealing

conditions.

Annealing 

Conditions of 

PFO-poss film

RMS Value (nm)
Crystallization

(2 theta)

Current Density 

(mA/m2 at V)

Max. Luminance 

(cd/m2 at V)

Turn-on

Voltage (V)

1 hour at 100 oC

2 hours at 100 oC

3 hours at 100 oC

1 hour at 200o C

2 hours at 200 oC

3 hours at 200 oC

2.47

2.97

3.04

6.02

6.70

7.14

Amorphous

Amorphous

Amorphous

Crystallized (6.5o)

Crystallized (6.5o)

Crystallized (6.5o)

18 at 14 V

65 at 14 V

221 at 14 V

227 at 8 V

270 at 8 V

288 at 8 V

6 at 19 V

10 at 18 V

36 at 17 V

856 at 13 V

1086 at 12 V

1497 at 11 V

7

8

8

7

6

5
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glass substrates. The dependences of the electrical and

optical properties of the PLED devices on the annealing

conditions of PFO-poss emission layer were examined.

AFM images showed that the RMS values of the PFO-

poss emission film with heat treatment at 100 oC for 1hr

was 2.47 nm and increased to 6.02 nm when the PFO-poss

film was annealed at 200 oC for 1 hr. This result may be

caused by the crystallization of PFO-poss emission film

from the XRD patterns. The luminance of the PLEDs

increased from 36 to 1497 cd/m2 at 11 V as the annealing

temperature of the PFO-poss film increased from 100 to

200 oC. The current density increased and the turn-on

voltage decreased with increasing the annealing temperature.

With increasing annealing temperature and time of the

PFO-poss emission films, strong emission peaks were

observed at approximately 525 nm, suggesting an emission

color shift from blue to green. It seems that the shift to

longer wavelength (color shift) is related to the change of

energy band gab between two samples with PFO-poss

film annealed at 100 and 200 oC.
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