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Abstract

We investigated light extraction film based on polymer dispersed liquid crystal (PDLC) for application in 

organic light emitting diodes (OLEDs). At least 30 seconds of direct UV irradiation process for curing PDLC film 

on a bottom-emitting OLEDs was successfully achieved without damage on the intrinsic properties of the OLED. 

We demonstrated that high haze and transmittance can be tuned simultaneously by controlling the UV curing 

time. By adding PDLC as an external layer without any additional treatment, the light scattering and extraction 

is increased. Consequently, a PDLC scattering film with 89.8% and 59.9 of total transmittance and haze 

respectively, achieved about 16% of light intensity enhancement from integrating sphere measurement.
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Ⅰ. Introduction

The novel advantages of organic light emitting

diodes (OLEDs) such as the ability to bend, curve

and roll make it possible for fabricating thin and

flexible next generation large area flat-panel displays

and lighting [1-4]. However, the optical out-coupling

efficiency of OLEDs which is as low as about

25% (typical light loss is almost 75%) still remain

a matter of concern in obtaining highly efficient

OLEDs [5-6]. This is inevitable in general OLED

systems because the light is emitted and travels

out through multi-layers with different refractive

indices. Consequently, the light suffers various

optical effects such waveguide loss, surface plasmon

absorption loss and total internal reflection [7-9].

These losses significantly limit the total out-

coupling efficiency of the generated light from

the device [6].

To reduce the intrinsic internal light loss and

derive maximum out-coupling efficiency, various

optical light extraction techniques have been

deployed [10]. The basic concept and mechanism

of light extraction technique is the addition of an

optical structure to reduce the refractive index

mismatch between the OLED layers, leading to

reduction in light loss due to total internal reflection.

For this purpose, various optical light extraction

techniques have been investigated so far. Some

of the techniques reported are microlens array
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[11-12], silica microsphere [13], random surface

[14], micro-cavity structure [15], photonic crystal

[16], and scattering layer [17]. Most of these

solutions are very expensive and clumsy in

structure. Conventional scattering films are usually

made from isotropic polymer matrix and dispersed

isotropic nano-particles. Practical application of

nano-particle scattering films for out-coupling

efficiency enhancement of OLEDs has proven to

be relatively simple. However, there still remain

issues of non-uniform light extraction film formation

due to aggregation of the isotropic nano-particles

[17-18]. Thus, uniform film formation require

additional deployment of surface treatment techniques.

Optical inefficiencies due to low transmittance of

the nano-particles have also been reported [19].

From the viewpoint of practical and commercial

application, it is important to achieve a simple,

cheap and large area adaptable process with high

light extraction efficiency without any additional

surfactants.

In this study, we adopt polymer dispersed liquid

crystal (PDLC) film as a light scattering and

extraction layer for enhancing the out-coupling

efficiency of OLEDs. Thin PDLC films have been

developed for a wide range of photonic applications

in recent years [20-21]. They are made from

isotropic polymer matrix and dispersed anisotropic

liquid crystal droplets. In PDLCs, liquid crystals

(LCs) exist within polymeric matrix as periodically

arranged droplets of several micron-sized diameters

and the optical properties of the entire film can

be controlled by the curing time [22]. This mechanism

is important for making light enhancing films for

OLEDs. By adding the PDLC film as an external

out-coupling layer on bottom-emitting OLED,

the light scattering and extraction is increased.

The total intensity of the light is measured by

an integrating sphere. The optimum haze and

transmittance of the PDLC scattering film are

determined by controlling the UV curing time.

Optical microscopic analysis showed homogeneous

films for large scale application in optical devices.

This technology is expected to be extended to

highly efficient flexible OLEDs.

Ⅱ. Fabrication of PDLC scattering film

We made PDLCs from a prepolymer, UV curable

adhesive NOA65 (from Norland Products, Inc.)

with refractive index, np = 1.524, and nematic

liquid crystal (E7, Merck.) with ordinary refractive

index, no = 1.528 and extraordinary, ne = 1.732.

Figure 1 shows the fabrication process of the

PDLC scattering films. The LC (50%) and the

prepolymer (50%) were mixed and then spin

coated on glass substrates. Samples were cured

under UV light (with the intensity 350 μW/cm2)

at different durations. The LC phase separated

from the polymer to form micron-sized droplets.

In a regular PDLC film, the droplet orientation is

random throughout the film.

Ⅲ. Optical analysis of PDLC scattering film

First, optical analysis was done to elucidate the

optical characteristics of the PDLC films. Figure

2 shows the optical microscopic images of PDLC

films prepared with different curing times at

room temperature with a 4 W ultraviolet (UV)

source (350 μW/cm2 at wavelength of 365 nm).

The images were taken by using the reflection

mode of polarizing optical microscope (Olympus

BX-43F). The mechanism of UV curing is to

enable phase separation between the LC molecules

and the NOA65 polymers. After 25 s of curing,

about 50 μm sized LC droplets are formed and

distributed within the precured NOA65 as shown

in Figure 2a. When NOA65 polymer is precured,

the LC droplets freely move within the liquid

film and aggregate with other droplets, creating

droplets with bigger sizes. However, the film is

cured (polymerized) after 30 s of UV curing,

creating evenly distributed LC droplets with sizes

less than 1 μm. Figure 2b and 2c show stable

PDLC films cured at 30 s and 40 s respectively.
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Fig. 1. Fabrication process of PDLC scattering film.

The images showed homogeneously distributed

film. Thus, it is safe to say at least 30 s is

enough to cure the PDLC films reported in this

study.

Fig. 2. Optical microscopic images of PDLC scattering 

films on bare glass substrate cured at (a) 25 s 

(b) 30 s and (b) 40 s, respectively.

Transmission measurements to determine the

light extraction of the PDLC scattering film were

conducted and analyzed using a UV-vis-NIR

spectrophotometer (Perkinelmer Lambda 950) in

the wavelength range of 380～800 nm. Table 1

shows the optical characteristics of PDLC scattering

film for films cured at 30 s and 40 s respectively.

Table 1. Optical characteristics of PDLC scattering film.

In the table, total transmittance means the

amount of measured transmitted light after passing

through the sample gathered at the half-sphere

integrator. Thus it represents how much absorption

and reflection is occurred at the sample including

a glass substrate. Total transmittance, Tt is

calculated as the sum of parallel transmittance,

Tp and the diffused transmittance, Td. Figure 3

shows the transmittance spectrum of PDLC scattering

films cured at 30 s and 40 s respectively on glass

substrate. Note that the reference sample is

composed of the glass substrate and polymer

film only.

Total transmittance is increased with increasingcuring

time. When the phase separation is increased, it

causes a proportional increase in the diffused

transmittance. Total transmittance for films cured

at 30 s and 40 s are 89.8% and 93.2% respectively.

This technique is very useful for application in

optoelectronic devices requiring scattering layers

with high transmittance.

Haze of the films was calculated based on the

equation:

 

 
× 

In principle, haze is defined as the measured

diffused transmittance divided by total transmittance.

To get a large scattering effect, the haze is the

most important factor. It is known that the large

haze can increase the light extraction efficiency

of OLED by guiding the leaked light at the

interface due to internal reflection [23-24]. In our

experiment, the haze is increased with increase

in the curing time as depicted in the Table 1.

Conventional scattering films reported required
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various complicated manufacturing process or

expensive high refractive index nano-particle

materials and surfactants to achieve high haze

and high transmittance films. However, we have

demonstrated that we can easily get a large haze

and high transmittance films in a simple and

tunable manner by simply changing the UV curing

time of the prepolymer and the nematic LC

homogeneous mixture.

Ⅳ. Implementation in OLED

We coated the PDLC scattering film directly on a

typical bottom-emission OLED device and analyzed

the light extraction effect and OLED characteristics.

OLEDs are sensitive to UV exposure and it is

required to use an optimum UV curing time that

does not affect the electrical properties of the

OLED.

Indium tin oxide (ITO, 150 nm) layer patterned

glass substrates were cleaned sequentially with

acetone and isopropyl alcohol in an ultrasonic

bath, boiled in isopropyl alcohol and dried in an

oven at 150°C for 15 minutes respectively. On

the ITO patterned glass, OLEDs were fabricated

by sequentially depositing the following organic

layers on the substrates: molybdenum oxide (MoO3,

4 nm) as a hole injection layer, 1,4-bis[N-

(1-naphthyl)-N′-phenylamino]-4,4′diamine (NPB,

90 nm) as a hole transport layer, and tris

(8-hydroxyquinolinato) aluminum (Alq3, 70 nm)

as a light emitting layer using a shadow mask,

at 0.5 Å/s, 2 Å/s, and 2 Å/s deposition rates

respectively. In addition, lithium fluoride (LiF, 1.2

nm) as electron injection layer and aluminum

(Al, 100 nm) as cathode, were evaporated onto

the organic layer using a metal shadow mask, at

0.5 Å/s and 4 Å/s deposition rates, respectively.

After the fabrication of OLED device, the

homogeneous NOA65 prepolymer and nematic

LC mixture was spin-coated on the opposite side

of substrate and cured for 30 s. Fabrication of

the PDLC scattering film is same as discussed in

the previous chapter.

The current density-voltage-luminance (J-V-L)

characteristics of the OLED was measured by

means of a voltage source and a current meter

using a Source Meter (KEITHLEY 2400) and

analyzed in the vertical direction using Photo

Research (LMS PR 650) software. The voltage

was applied in the range from 0 to 12 V with 0.5 V

intervals. Figure 4 shows the J-V-L characteristics

of bottom-emission OLED with and without

PDLC scattering film.

Fig. 4. The current density-voltage-luminance (J-V-L) 

characteristics of OLED devices with (red circle) 

and without (black square) scattering film.

Both curves in Figure 4 showed similar J-V

characteristics. This shows that one step process

of direct formation of PDLC scattering film on

OLEDs does not affect the electrical characteristics

of pristine OLEDs. From the measured luminance

on vertical direction, turn-on voltage at 1 cd/m2

and operating voltage at 1000 cd/m2 were determined

as 4.0 V and 11.5 V, respectively. The luminance

with the PDLC scattering film is enhanced.

We used an integrating sphere (IS200-4) and a

spectrometer (Thorlab, CCS200/M) in order to

analyze the light extraction efficiency in all

directions. We compared the luminance intensity

at 8 V for the OLED with or without PDLC

scattering film as shown in Figure 5. The two

EL measurements show same spectrum with center

wavelength of 525 nm since the PDLC scattering

film has a nearly flat transmittance at the visible

(143)



144 j.inst.Korean.electr.electron.eng.Vol.24,No.1,140～146,March 2020

range as shown in Figure 3.

As shown in Figure 5, total light emission of

OLED was increased by almost 16% by area. The

effect of the scattering film is also demonstrated

by the picture of the OLED with and without

PDLC scattering film. It has been shown that

films with high haze can increase the out-coupling

efficiency of the OLEDs [23-24].

Fig. 5. EL spectrum of OLEDs with (red circle) and without 

(black square) the PDLC scattering film (cured at 30 s).

We have demonstrated that high haze and

transmittance can be tuned by controlling the UV

curing time. By far, we have proven that PDLC

films can be easily fabricated and applied in

improving the out-coupling efficiency of OLEDs

at a low cost.

Ⅴ. Conclusion

In this study, we investigated PDLC films as

light extraction layers and their application in

enhancing the out-coupling efficiency of OLEDs.

Uniform and transparent composite film was

successively fabricated with UV curable prepolymer

and nematic LC in a proportionate concentration.

At least 30 s of UV curing in a direct fabrication

process of the PDLC film on a bottom-emitting

OLED was successfully achieved without damage

on the intrinsic properties of the OLED. We

demonstrated that the required haze and transmittance

of the light extraction film can be easily tuned

by controlling the UV curing time. An enhancement

factor of 16% by area at 524 nm was achieved

by a PDLC film cured within 30 s. The fabrication

process is very simple, easy to control and can be

adapted to various large-sized OLED applications.

Our investigation can be extended to PDLC adaptable

flexible substrates for advanced flexible OLED

applications.
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