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Abstract

An optical model based on the optical thin-film
theory is derived to calculate the output radiance of
small molecules organic light-emitting diodes
(OLEDs). We have designed the high efficiency
OLEDs using the reflectance phase control of
dielectric layers. It is found that OLED with a single
TiO; dielectric layer is a good candidate to enhance
the outcoupling efficiency and increase the color

purity.

1. Introduction

Many researches on high efficiency organic light-
emitting diodes (OLEDs) have been reported to apply
for flat-panel display [1-3]. Especially, aerogel,
microlens array, scattering layer, photonic crystal
structure and microcavity structure with dielectric
layers have been wused to enhance the
electroluminescence (EL) output intensity [2-7]. In
the OLEDs, the output spectrum of EL is affected by
the interference effect because the OLED consists of
multilayers and the total thickness of the OLED is
comparable with the wavelength in visible region [1,
7, 8]. Also, the dipole position in an emitting layer
(EML) is an important factor in the interference effect,
together with adjustment of organic layer for carrier
valance control [9]. The external emission spectrum
or radiance as a function of viewing angle can be
calculated using the optical thin-film theory [6-11].
However, there are few discussions for optimization
of high efficiency OLEDs in the optical point of view.

In this paper, we report that the reflectance phase
controlled TiO, dielectric layer plays an important
role in enhancing the outcoupling efficiency. The EL
spectrum and angular radiance of high efficiency
OLEDs are numerically simulated by use of the
optical model based on the optical thin-film theory.
We demonstrate the optical role of dielectric layers
between ITO and glass.

2. Optical model of OLEDs
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Figure 1. (a) Typical OLEDs architecture, (b) Optical
model for the OLEDs structure.

A multilayer thin-film structure of the OLED is
shown in Fig. 1(a). Following the optical thin-film
theory, the multilayer OLED structure can be
simplified as a single layer between two interfaces A
and B as shown in Fig. 1(b). The light generated in an
EML propagates in upward and downward directions
with multiple beam reflections between two
interfaces. The output radiance can be calculated
using the coherent summation of reflected lights.
Then the intensity of radiated EL out of the OLEDs
can be derived as follows [11]:
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In the above equation, R4, Rp, ¢4, and ¢@p represent the
reflectances and the phase changes on reflection at the
A and the B interfaces, respectively. n, and d are the
refractive index and the thickness of the EML,

respectively. z' and 6, are the distance from

interface A to the dipole and the incident angle of the
plane waves at interfaces A and B in the EML,

respectively. Incident angle @, in EML is related to
the viewing angle & by the Snell’s law. I, (6,1) is

nt
the spontaneous emission spectrum of the EML in
free space.

It is noted that the spectral radiance for OLEDs
consists of Fabry-Perot multiple beam interference
term in the first bracket, two-beam interference term
in the second bracket, and the spontaneous emission
spectrum of the EML as shown in Eq. (1) [11]. The
maximum intensity of OLEDs can be obtained at a
wavelength of maximum peak intensity of /,,(6,1)

in Eq. (1) with the conditions of A, =2mmn,,
and Ay, =27mm,,, , where my, and mg, are the

lowest integers. It is found that the values of m,, in
the most devices become zero because the thickness
of EML should be thin. Also, the values of m,
become zero or one depending on the thickness of
ITO film and the hole transfer layer.

In our previous research, we reported the
determination of an optimized Alqs layer thickness in
OLEDs [11]. The optimum Alqg; thickness was
obtained at Ap; =0 and Ap =27 . The
experimental EL spectra were in good agreement with
the simulated EL spectra from Eq. (1).

Figures 2 (a) and (b) show the variation of phase
change on reflection at interface B as the thickness of
ITO film is changed. At 199 nm ITO thickness, the
output radiance is maximum because A, is 27 as
shown in Fig. 2 (a). On the other hand, the radiance of
device with the condition of ¢, =7 is reduced.
However, if TiO, dielectric layer is inserted between
ITO film and substrate, the phase change on reflection
changes from 7 to2x . TiO, dielectric layer plays a
role to enhance the reflectance on interface B as the
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Fig. 2. Phase change on reflection calculated using
admittance diagram (a) ¢, =2z [TPD (70 nm)|ITO

(199 nm)|glass] (b) ¢, =~ [TPD (70 nm)|ITO (132
nm)|glass] (¢) ¢ =27 [TPD (70 nm)|ITO (132
nm)|TiO, (A /4 )|glass].

finial admittance is away from the admittance of
incident medium as shown in Fig. 2 (c).

3. Optical simulation

We have designed the OLED multilayer structures
at @, =2mmpp and @, =(2mpp + )7 to investigate
the Fabry-Perot multiple beam interference effect in
Eq. (1). Figures 3 (a) and (b) show the simulated
radiance at =0 for the various OLEDs with
@y =27mmpand @y = (2myp + )7, respectively. The
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radiance of OLEDs at ¢, =27 (Type A-]
[Al|Alqs|TPD|ITO (199 nm)|glass]) is higher than that
at ¢, =x (Type A-II; [AllAlgsTPDITO (132
nm)|glass]) as shown in Fig. 3(a). However, the
reflectance phase of Type A-II is changed by the
dielectric multilayers. As a result, the radiance of
OLED with a single TiO, dielectric layer in Type B-II
is higher than that of an optimized OLED without a
dielectric layer (Type A-I). The radiance of OLEDs
with three dielectric multilayers shows also good
performance in the forward direction. On the other
hand, the radiance of OLEDs with dielectric layers in
Fig. 3 (b) decreases because the phase is changed

from ¢, =27 to ¢@y;=0Cm +1)xr , where
Moy =123
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Fig. 3. Simulated radiance in forward direction for
various Type B OLEDs as the pair number of
dielectric layers increases. (a) Type B-I and Type B-II
(b) Type B-III and Type B-1V. (H : TiO,, L : Si0O,)
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From this result, we have selected the three types,
i.e., Type A-I, Type B-II with single TiO, layer, and
Type B-II with three dielectric multilayers, and
simulated the spectral radiance, angular dependence
and variation of color coordinates as shown in Fig. 4.
As a result, peak EL intensity is enhanced as the
number of dielectric layer is increased and the
FWHM is reduced due to the Fabry-Perot effect.

T T T T T T
- - [AJAIq,TPD|ITO(199)[glass]

(a) —— [AAlg,[TPD|ITO(132)[H[glass]
-+« [AJAIg,[TPD|ITO(132)|HLHglass]

Spectral Radiance (a.u.)

1 A 1 1 L° s 1
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

0.8

0.7

0.6

0.5

0.4

CIEy

Ig,|T! 0O(132)|H|glass]

o [AIAl
a T,/ TPDIITO(132)|HLH|glass]

00 01 02 03 04 05 06 07 08
CIE x

Fig. 4. (a) Simulated spectral radiance (b) angular
dependence (c) variation of color coordinates for three

types.



Therefore, the narrow FWHM of the OLEDs with

three dielectric multilayers leads to higher color purity.

However, the radiance of these devices is quickly
decreased as viewing angle is increased. Obviously,
the relationship between large viewing angle and
color purity should be traded off. The results show
that the best structure of the OLEDs in the limited
viewing angle is a device with three dielectric
multilayers. Furthermore, we found out that the
OLEDs with a single TiO, layer are also good
candidate of OLEDs used in wide viewing angle.

4. Conclusion

We designed the high efficient OLEDs through the
control of reflectance phase on interface B using the
optical model which is based on optical thin-film
theory. We found that a TiO, dielectric layer plays a
role in changing the reflectance phase on interface B
and enhancing the radiance of OLEDs. The OLEDs
with a single TiO, dielectric layer show the enhanced
radiance in all direction compared with the optimized
OLEDs at ¢, =27 and ¢, = 7 on interface B. It

suggests that the proposed optical model is a useful
tool to optimize and design the high efficient OLEDs.
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