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Modeling of light extraction efficiency
of scattering thin film using Mie scattering
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Significant amount of emitted light from an organic light emitting diode (OLED) is trapped as
a result of total internal reflection (TIR) on a glass—air interface. One of the strategies to increase
the light extraction efficiency is using a scattering thin film. A model is built using the Monte Carlo
ray tracing method to simulate Mie scattering. Almost 100% of light trapped by the TIR can be
extracted if the radius of the spherical scatters, the refractive index ratio between the matrix
and the scatter and the concentration of the scatter are optimized. The implication is important for
a high efficiency OLED used in the next generation lighting source.
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1. Introduction

An organic light emitting diode (OLED) has been recently successfully commercial-
ized in displays. Great effort has been placed on increasing the efficiency, brightness
and lifetime of OLED in order to compete with alternative lighting sources. Theoret-
ically, OLED is predicted to be able to reach 100% intrinsic quantum efficiency [1].
Intensive research and development on cheap manufacturing techniques are spear-
-headed by start-ups and multinational co-operations in an effort to reduce costs
comparable to fluorescent lamp [2]. An OLED lighting panel holds promising potential
for high efficiency lighting application as part of global effort on reducing carbon
footprint. In order to be used as lighting tiles, the colour must be within the Planckian
limit and gives a good colour rendering index [3]. About 35% of light is trapped within
the OLED devices of which significant amount is the result of total internal reflection
from the glass—air interface [4]. This is in sharp contrast with a fluorescent tube where
the extraction is near unity. Numerous methods have been implemented to extract
the light trapped by the glass—air interface such as microlens arrays [5], antireflection
coating [6], photonic crystal [7], moth-eye template [8] and light scattering thin
film [9]. The latter seems to be more cost effective to be employed onto the glass
substrate due to its mechanical rigidity, stability and low cost fabrication which is for
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example unlike the moth-eye template where the nanostructures are easily damaged
by pressure. Others use microcavity to engineer the emission so that most of the light
is emitted at the forward direction below critical angle [10]. However, it is expensive
to implement a microcavity OLED if widespread adaptation of this OLED lighting
technology is to be realized. Several models have been developed to investigate
the trapped photons inside the OLED devices [9, 11, 12].

So far, no work has been done to relate the extraction efficiency of a light scattering
thin film on the size of the scattering particles. Here, a model is built to relate
the radius, concentration, refractive index of the scattering particles and the matrix to
the extraction efficiency.

2. Simulation

Mie scattering theory has been applied to study the distribution of the particle size in
fluid [13], in tissue [14], and the time evolution of a sonoluminescence bubble [15],
just to name a few. Employing efficient multiple Mie scattering algorithms [16], it is
important to study a particulate system as often multiple particles are presented and
this would modify the final intensity distribution [17]. Here, we are interested to study
the effect of light extraction efficiency of a scattering thin film using Mie scattering [ 18]
with Monte Carlo component in order to determine the optimum system for light
extraction.

These complete equations are modeled in C++. Ray tracing is used to trace the path
of a photon until it exits to the air. The concentration is varied by changing the number
of particles per unit area. Ten thousand of photons are ray-traced in order to obtain
the light extraction efficiency which is defined as

number of outgoing photon

= x 100%
g number of incoming photon °

The wavelength is fixed at 550 nm throughout all the simulation. A highly efficient
OLED usually consists of a multilayer organic thin film with a mirror-like cathode
and transparent indium tin oxide (ITO) as an anode [19]. These layers usually have
a slightly different refractive index with ITO having the largest refractive index
mismatch between the layers [4]. In this simulation, the light extraction of the scat-
tering thin film is modeled as a stacked layer of a mirror-like cathode/glass/light
extraction thin film/air as shown in Fig. 1. The glass is assumed to be very thin.
The light is seen to be emitted from the bottom of the scattering thin film. The thickness
of the glass and the polymer are ignored as it does not undergo scattering because we
are interested in finding out the extraction efficiency of a scattering thin film for light
trapped by TIR. The thickness of the scattering thin film is 2 mm and the lateral length
is4 mm. The thickness and the lateral length are fixed while the concentrations, particle
size and refractive index of the scattering particles are varied. The glass has a refractive
index similar to the matrix of the scattering thin film, i.e., 1.55. The stack is assumed
to be non-absorptive and the photon is assumed to be scattered from the center of
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Cathode Fig. 1. The cross-section of a modeling device.
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Fig. 2. Cumulative probability versus angle in radian for light scattering of a single particle of radius
1 um. The computer selects randomly a value between 0 and 1 and the scattered angle can be easily found.
Note small scattered angle is preferred.

the particle. In order to relate the refractive index and the size of the scattering particle,
transformation of Mie scattering intensity into the probability density function is
required rather than using the Henyey—Greenstein scattering function which cannot
be related to the particle size. The Mie scattering intensity of the equation of a given
particle is computed and normalization gives the probability density function.
Transformation of the probability density function into the cumulative probability
provides a mean for a program to select a random scattered angle as shown in Fig. 2.

In this model, a photon which has been reflected more than twice from the cathode
mirror is ignored. Two-dimensional spatial propagation rather than three is considered
in this model as the main results of the model would be equivalent.

Light is assumed to be generated randomly at all angles.

3. Results and discussion

As expected, the free-mean path decreases with increasing concentration of the particles
as illustrated in Fig. 3.

It is expected that concentration must play a key role in light extraction efficiency.
The concentration of particles inside the scattering thin film as a variable is simulated
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Fig. 3. Free-mean path of the photon versus the concentration. Radius of the scatter » = 1 umandm = 1.55.
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Fig. 4. Light extraction efficiency versus concentration of a scattering film. Radius of the scatter » = 1 um
and m = 1.55.

as depicted in Fig. 4. In agreement with the previous published data [9], there is an op-
timum concentration of particles for light extraction. The decrease in light extraction
efficiency is most likely the result of scattered light being trapped within the scattering
thin film and leaked through its edges.

The first simulation suggested the optimum extraction efficiency above 90%. We
are interested to investigate the effect of the radius and the refractive index of
the particle and matrix on the light extraction efficiency. As shown in Fig. 5, the higher
is the refractive index ratio, the poorer is the extraction.

In this simulation, the refractive index of the matrix is fixed at 1.5 with the radius
of the particle being 1 um. Figure 5 suggests that the refractive index difference
between the matrix and the particle must be chosen carefully in order to optimize
the light extraction efficiency.

An ideal scattering thin film is such that it can scatter light at an angle less than
the critical angle as defined by its matrix. If the incident light travelling into the scat-
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Fig. 5. 2D mapping of refractive index ratio and

concentration. A strong dependence of refractive

index ratio on light extraction efficiency. Radius
of the scatter » =1 um.

tering thin film is larger than the critical angle and if the particle is ineffective in
scattering the photon from its original path, as it is happening with the light scattering
thin film of a higher refractive index mismatch between the matrix and the particle,
then, intuitively, the light extraction will decrease. This provides an explanation of
a decrease in the light extraction efficiency when the refractive index ratio increases.
Next, the radius of particles is varied for a different refractive index ratio as shown
in Fig. 6.
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Fig. 6. Light extraction efficiency versus radius
for ny=1.4 and: n,=1.8 (a), n,=1.5 (b),
ny=1.6 (c). Note the complex dependence
of light extraction efficiency at higher m ratio.
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Fig. 7. Light extraction efficiency versus the refractive index of the matrix for radius of particle of 1 um
forn, = 1.8.

There is a complex dependence of the radius of a particle for a higher value of m.
It comes with a surprise and we could not find an intuitive reason for it. It might be
attributed to the small scattering loop often accompanied by a single particle.

One would expect that the higher the refractive index of the matrix, the poorer is
the extraction efficiency as a result of TIR of the matrix. However, Fig. 7 shows
otherwise. For n, = 1.8, it seems that the extraction efficiency strongly depends on
the refractive index ratio.

Although the light extraction efficiency can be near 100%, it must be noted that it
does not translate into an increase in light outcoupling by a factor of 3 when it is applied
on a real OLED device as the emission of OLED devices are influenced by a weak
microcavity effect of its planar multilayer [20] where the emission is not Lambertian.
Furthermore, some of the emission is waveguided within the polymer which cannot

be extracted using the light scattering thin film. However, it is safe to say that

the scattering thin film can be used to extract almost all of the light which is trapped
by TIR between a glass—air interface.

4. Conclusions

The refractive index ratio and the concentration of the scattering particle in a thin film
are found to be very important parameters to obtain a high extraction ratio. The radius
of a particle exerts little influence once the two parameters are optimized. In short, it
is possible to extract almost 100% of light trapped by TIR using this method.
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