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The visual image improvement of an organic light-emitting diode (OLED), which is based on some theoretical frameworks and
the optical property of the dye-polarizer composed of optical film, is investigated. The key performance indexes of visions, i.e.,
visual reflective sensitivity, contrast ratio, and color saturation are focused. First, the reflectance and color saturation of an
OLEDwere simulated and calculated by using the transfer matrix method with thin-film optical filters and the definition rule of
color performances in the 1931 index proposed by the Commission International de l’Eclairage (CIE1931). The results clearly
showed excellent performance when using the dye-polarizer on the panel of an OLED in the theoretical calculation and
practical application. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 1755–1763, 2012
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Introduction

When industry innovations change as quickly as they are
created, our vision and actions are influenced by the abun-
dance of innovations in the information technology era. In
the past, the cathode ray tube (CRT) techniques were devel-
oped to the point of maturity and were superior in many
ways. Because of size and power consumption, CRTs have
been replaced by flat panel displays (FPDs). New generation
displays are required to process sufficient information con-
tent and operate in various applications. Such displays
include liquid crystal displays (LCDs), plasma display pan-
els, field emission displays, and organic light-emitting diodes
(OLEDs). All these types of displays offer excellent per-
formance and conform to the aforementioned requirements
of new generation FPDs. Among these candidates, OLEDs
have attracted considerable attention because of their many
advantages, such as self-emission, simple structure, high
response time, and wide viewing angle. OLEDs have already
been used in commercial applications, such as small screens
for mobile phones and portable digital audio players, car
radios, digital cameras, and so on.1–3 Moreover, OLEDs are
recognized to have the greatest potential to become the next
generation of display devices4 and planar lighting source.5,6

Kodak developed the first efficient organic light-emitting
device, and the functional performance of multilayer OLEDs
was demonstrated by Tang and Vanslyke in 1987.7 OLEDs
have also received a great deal of attention due to many of
their advantages in the recent years. The multilayer architec-
ture of OLED is combined in something like a sandwich,
which includes the hole injection layer (HIL), hole transport-
ing layer (HTL), emitting material layer (EML), electron

transporting layer (ETL), and electron injection layer (EIL),
respectively. The multilayer architecture is between the
transparent hole injecting anode and the electron injecting
cathode metal. Thus, the organic emitting layers can be cho-
sen by the adaptive dopant, codopant, and/or cohost mecha-
nisms.8–10

The cathode metals of OLEDs lead to vigorous reflection in
strong ambient light and the decrease in visual sensitivity,
contrast ratio (CR), color saturation, and view angle chroma-
tism of the screen image. In the past, the portable applications
favored the high light output of OLEDs for readability in
strong ambient light. Therefore, they have been applied to
OLEDs for the methods of improving the out-coupling light
efficiency. For example, the emission of light and external
coupling in OLEDs has been investigated and the thickness of
the indium tin oxide (ITO) layer has been controlled to reduce
the energy loss in the high-index layer.11 A pyramidal array
light-enhancing layer on an OLED panel has been optimized
experimentally to enhance the luminance efficiency with a
gain factor of 2.03.12 Furthermore, if increasing the high light
emission to compensate for reflection, it will lead to the short
lifetime of the product and human eye strain. Improving the
CR of the panels could provide a solution to promote readabil-
ity. A high-contrast OLED was fabricated using a gradient re-
fractive index anode to reduce reflectance of the ambient light
of the device.13 Furthermore, various studies have used the
optical interference effect to develop multilayer architectures
black electrodes by using vacuum deposition technology.14–19

Another high contrast solution involves making black matri-
ces of the pixels through lithography process technology to
reduce visual reflective sensitivity.20,21 However, black elec-
trodes and/or black matrices do not belong to the original
architecture of OLEDs. Thus, they lead to extra fabrication
complexity and costs.

In this study, we use a transfer matrix method with thin-
film optical filters and the definition rule of color
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performances in the 1931 index proposed by the Commis-
sion International de l’Eclairage (CIE1931) to investigate the
reflection and color saturation of the panel of an OLED.
According to the theoretical ratiocinations, we chose an
adaptable dye-polarizer composed of optical film to improve
the visual sensitivity, color saturation, and CR. The theoreti-
cal simulation and experimental data are able to provide in-
formation of both academic and practical significance.

Theory and Rule

The theory of thin-film simulation

The multilayer thin-films of OLEDs are deposited on the
substrate, including the transparent anode, the organic multi-
layers, and the metal cathode. The reflectance of the panel
of an OLED can be described by the theory of thin-film
simulation, which has a like transfer matrix of thin-film opti-
cal filters.22 A high contrast OLED can also be fabricated
by the theory of this method. The concept is based on using
these materials with the gradient or graded refractive index
to development a high contrast OLED.13 The optical proper-
ties of any material are determined largely by the electrons
and their interaction with electromagnetic disturbances. Re-
fractive index is defined as the ratio of the velocity of light
in free space c to the velocity of light in the medium v.
When the refractive index is real, it is denoted by n. How-
ever, it is frequently complex, in which case it is denoted
by N.

N ¼ c=v ¼ n� ik (1)

N is often called the complex refractive index, n is called the
real refractive index (or often simply refractive index), and k is
the extinction coefficient. N is always a function of k.

Light waves are electromagnetic, and a homogeneous,
plane-polarized harmonic (or monochromatic) wave may be
represented by the functions of electric field and magnetic
field. There are fundamentally difficult ratiocinations and
definitions associated with the expression of reflectance.

d ¼ 2pN=d (2)

RðkÞ ¼ ½ðy0 � y1Þ=ðy0 þ y1Þ�½ðy0 � y1Þ=ðy0 þ y1Þ�� (3)

where d, d, y0, and y1 are phase indices. The wave allows for a
shift in the z coordinate of the medium from 0 to d, as well as
the admittance of the incident medium and the admittance of
the substrate upon which the thin-film system is deposited.
The reflectance of a thin film on the substrate is calculated
through the concept of optical admittance.

y1 ¼ C=B (4)

where

B
C

� �
¼ cos d ði sin dÞ=g

ig sin d cos d

� �
1

gs

� �
(5)

g and gs represent thin-film admittance and substrate
admittance.

We replace the multilayer by a single surface which
presents an admittance Y, which is the ratio of the total tan-
gential magnetic and electric fields and is given by

Y ¼ C=B (6)

This result can be immediately extended to the general case of
an assembly of q layers. The expression of reflectance is as
follow

RðkÞ ¼ ½ðy0 � YÞ=ðy0 þ YÞ�½ðy0 � YÞ=ðy0 þ YÞ�� (7)

where

B
C

� �
¼ P

q

r¼1

cos dr ði sin drÞ=gr
igr sin dr cos dr

� �� �
1

gs

� �
(8)

or

B
C

� �
¼ M1½ � M2½ ���� Mq

� � 1

gs

� �
(9)

M1 indicates the matrix associated with layer 1, and so on.

The definition of the rule of color performances in
CIE1931

No existing display technology can produce the entire
range of colors. The range of color a display device can pro-
duce is called the color gamut. It is commonly represented
as the areas on the chromaticity diagram. For any three real
primaries, it is sometimes necessary to supply a negative
amount to reach some colors. That is, it is simpler to deal
with a color space whose tristimulus values are always posi-
tive. Thus, the CIE has defined alternative color-matching
functions such that any color may be matched with positive
primary coefficients. These color-matching functions are
called x(k), y(k), and z(k). These functions are the result of
experiments in which the stimulus spans 2� of the visual
angle. Therefore, these are known as the color performances
in the CIE1931. A spectral stimulus may now be matched in
terms of these color-matching functions, as follows23,24

Qk ¼ x kð ÞX þ y kð ÞY þ z kð ÞZ (10)

For a given stimulus Qk, the tristimulus values (X, Y, Z) are
obtained by integration, as follows

X ¼
Z 700

400

Qkx kð Þdk (11)

Y ¼
Z 700

400

Qky kð Þdk (12)

Z ¼
Z 700

400

Qkz kð Þdk (13)

The CIE XYZ matching functions are defined such that a
theoretical equal-energy stimulus, which would have unit
radiant power at all wavelengths, maps the tristimulus value
(1, 1, 1). Further, note that y (k) is equal to V (k) (CIE photonic
luminous efficiency curve or visual factor)—another inten-
tional choice by the CIE. Thus, Y represents photometrically
weighted quantities. Associated tristimulus values are chro-
maticity coordinates, which may be computed from tristimulus
values as follows.

x ¼ X

X þ Y þ Z
(14)

y ¼ Y

X þ Y þ Z
(15)
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z ¼ Z

X þ Y þ Z
¼ 1� x� y (16)

z is known if x and y are known. Thus, only the chromaticity
coordinates of the latter two needs to be kept. Chromaticity
coordinates are relative, which means that within a given
system of primary stimuli, two colors with relative spectral
power distribution will map to the same chromaticity
coordinates.

The definition of CR

It is generally considered that the most important visual
characteristic of a display is the CR of a visual image. The
CR refers to the difference in visual properties that makes
an object distinguishable from other objects and the back-
ground. Moreover, the CR indicates the gap between
maximum brightness and maximum darkness. It conveys in-
formation by modifying an array of dots on a screen in the
sole function of a display. The CR indicates the amount of
difference that can be used to discriminate between a pixel
that is fully on and on that is off in the reflection of ambient
light. Furthermore, the CR is a key vision index of a display
and is defined as19,25,26

CR ¼ ðLon þ R� LambÞ
ðLoff þ R� LambÞ (17)

In which CR, R, Lon, Loff, and Lamb represent CR, the
reflectance of the panel, the luminance of the OLED when
turned on, the luminance of the OLED when turned off, and
the luminance of ambiance light, respectively.

Experimental Studies

Experimental OLED manufacturing

In this experiment, the panel of the bottom emission of a
passive-matrix OLED (PMOLED) was made. The process
flow of the panel of the experimental OLED followed the
mass production procedure, as shown in Figure 1.20,27

According to the representation of Figure 1, a 0.7-mm-
thick mother glass substrate was used, and an ITO film with
a thickness of 150 nm was deposited on the surface of the
mother glass, which had the optimal electricity and optic
properties.19 The average electro-optical property of the ITO
substrate provides transmittance greater than 85% in the visi-
ble region and less than 10 X/h sheet resistances. The first

step of the process flow included the patterns of the four
layers in the thin film, lithography, and the etching processes
of the ITO substrate. The procedures of the first step
included the metal alloy pattern of the external conductive
line (e.g., Ag), the pattern of the transparent electrode (e.g.,
ITO), the insulator pattern of the pixel definition, and the
separator pattern of the cathode metal. In the second step,
the multiorganic layers and cathode metal layer (e.g., alumi-
num) were made by using evaporator technology. Therefore,
the material of HIL, which reduces the energy barrier in
between ITO and hole transport layer (HTL), is beneficial to
enhancing charge injection at the interfaces and ultimately
improving power efficiency of the device, the materials of
HIL are that starburst amorphous materials, 4,40,400-tris(3-
methyl-phenyl-phenylamino)triphenylamine can be doped
by 3% strong molecular acceptors tetrafluoro-tetracyano-qui-
nodimethane in the controlled coevaporation.28 The
material of HTL has a ‘‘bi-phenyl’’ center core that is a
N,N0-bis(1-naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40diamine.
The materials of EML use the fluorescent dopants in the
guest-host doped emitter system, the red emitting materials
that are 2% 4-(dicyanomethylene)-2-tert-butyl-6(1,1,7,7-tetra-
methyljulolidin-4-yl-vinyl)-4H-pyran to be doped in 5,6,11,12-
tetraphenyl-naphthacene (Rubrene) and tris(8-hydroxyquino-
linato)aluminum (Alq3) of a cohost system, the green emit-
ting materials that are 6% GD-206 of Idemitsu Kosan to be
doped in BH-120 of Idemitsu Kosan, and the blue emitting
materials that are 2% BD-52 of Idemitsu Kosan to be doped
in BH-120 of Idemitsu Kosan. The material of ETL is Alq3.
The material of EIL is lithium fluoride (LiF); an effective
cathode Al for OLEDs could be constructed by interposing a
thin LiF layer between Al and Alq3.

29,30 These organic mate-
rials were purchased from Syntec GmbH (Wolfen, Ger-
many), Aldrich (Missouri, MO), Eastman Kodak (Rochester,
NY), Idemitsu Kosan (Moji/Japan), respectively. In consider-
ation of production yield, the thicker thicknesses of organic
material layers and cathode metal-Al layers were considered
to avoid the defect issues caused by the spike of ITO, pin
holes of films, and thermal stability of light-emitting and
particles.31–33 The HIL/HTL/EML(R/G/B)/ETL/EIL thick-
nesses in the organic materials and cathod metal-Al were
controlled to be 200/20/(R:20/G:18/B:25)/20/0.1 and 300
nm, respectively. In the third step, the mother glass substrate
with patterns was encapsulated by an encapsulation mother
glass substrate with getter to control the H2O/oxygen-free

Figure 1. The process flow of panel in the PMOLED
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environment. The final step involves module technology. In
this step, the encapsulated substrate was scribed and broken
according to the size of the design and assembled with the
driver Integrated Circuit (IC), which is able to tune gamma
curves in relation to grayscale and brightness.34 The experi-
mental PMOLED panel was formatted in the specification of
1.500-128RGBx128 with 262,144 colors, and its basic spectra
properties are shown in Figure 2. According to the spectra
shown in Figure 2, the red coordinates (x,y) of CIE1931 are
(0.630,0.354), the green coordinates (x,y) of CIE1931 are
(0.294,0.630), and the blue coordinates (x,y) of CIE1931 are
(0.145,0.193). The color saturation, when compared with the
standard of the National Television System Committee
(NTSC), is 59.4% and the synthetic white luminance is 145
(cd/m2) when turning on red, green, and blue simultane-
ously.

The dye-polarizer property of an optical films

The optical films are deposited and laminated on the sur-
face of a substrate to change the conveyors of wavelength,
including the polarizer, phase compensator, brightness
enhancement film, light collimated sheet, diffusion film,
reflector, anti-reflection film, anti-glare film, and so on. The
polarizer is an important component in the LCD field,
because it can polarize the light from backlight source of an
LCD. Conversion of a wave from linear to circular polariza-
tion may be effected by either transmission or reflection.
When polarizers are manufactured, the polyiodine molecules
are absorbed into a semicrystalline polymer film, and the
film is drawn to have a high degree of orientation. The poly-
iodine molecules are also oriented in agreement with the
polymer, and the film so obtained exhibits light absorption
dependent on the polarization direction of incident light.35,36

In free space with millimeter wavelengths, reflection circular
polarizers are preferable to their less compact transmission
counterparts.37 Another function of polarizers is that they are
able to protect the panel from scraping. Previous studies
have discussed the optical properties of dye polarizers38,39

and a new model has been developed to account for the de-
pendence of optical anisotropy.40 About the relative compo-
sitions of a dichroic dye in the applied dye-polarizer, they
are like some polymer formulas with azo or polycyclic or
anthraquinone compounds or mixtures and so on.36,41,42 The
applied dye-polarizers were purchased from Optimax (Tai-
wan). Dye-polarizers have better transparency in the red and
blue regions of visible light and better temperature tolerance
than typical iodide-polarizers. A dye-polarizer with a con-
venient, laminated display panel is considered here.

Measurement inspection

The electro-optical performance of the panel of the experi-
mental PMOLED was verified and confirmed by the follow-
ing instruments and measurement inspections. The color per-
formances of the experimental PMOLED were measured in
accordance with the CIE1931. Color gamut (color saturation)
and the current-luminance-voltage curve of the experimental
PMOLED were measured by a Minolta Chroma Meter CS-
1000. The panel of the experimental PMOLED was simu-
lated in different light conditions, including indoor ambi-
ence, and outdoor ambience, by using a DMS-505 type
autronic-Melchers GmbH. The transparent and reflecting per-
formance of the dye-polarizer and the reflecting performance
in the panel of the experimental PMOLED were measured
by the Hitachi U4100 system.

Results and Discussion

Effects of the visual reflective sensitivity of human eyes

As mentioned above, the architecture of the organic layers
of an OLED is a sandwich between the hole-injecting anode
(ITO) and the electron-injecting cathode (Al) including a
PMOLED and an active-matrix OLED. The optical property
of multiorganic-layer thin films of an OLED can be
described by the transfer matrix of thin-film optical filters.
The cathode Al of the OLED has a strong reflection from
the ambient light; the reflectance of the panel of an OLED
can be simulated by thin-film simulation. This type of simu-
lation is nonlinear for the visual sensitivity of human eyes
and it is changed by wavelength. The green region (525–580
nm) is the best sensitivity region for human eyes for both
daytime and nighttime light.43,44 Using Eqs. 7 and 8 of thin-
film simulation, the simulation of the reflectance in the panel
of the experimental OLED is shown in Figure 3. Figure 3
shows that the reflective simulation of the panel of the ex-
perimental OLED including a high amount of green reflec-
tive wavelength region for the visual sensitivity of human
eyes, and displayed a dye-polarizer composed of optical film
with better transparency in the red and blue region and lower
transparency in the green region in the visible light range.
As shown in the results of Figure 3, the panel was ratioci-
nated, improving the visual reflective sensitivity of human
eyes in the visible wavelength range when using a dye-polar-
izer on the panel of an OLED.

As mentioned above, we applied the optical transmittance
property of a dye-polarizer to reduce the effect of reflective
light on human eyes that is caused by ambient light, as
shown in Figure 4. According to Figure 4, the dye-polarizer
was obviously able to reduce the visual reflective sensitivity
by 86.6% in the best sensitivity region of the human eyes on
the panel of the experimental OLED.

According to the results of Figures 3 and 4, we obtained
similar trend in the simulation and experimental

Figure 2. The spectra in the experimental PMOLED is
turned on by driver IC at 13.5 V and measured
by a Minolta Chroma Meter CS-1000 in a
darkroom.

[Color figure can be viewed in the online issue, which is

available at wiley onlinelibrary.com.]
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measurement of the reflectance of the panel of the experi-
mental OLED. Because the multiorganic layers between the
hole injecting anode (ITO) and the electron injecting cathode
(Al) were made by using evaporator technology, and the
interfaces of them are not very perfect to cause the interfer-
ence of a light. Therefore, the reflectance of the OLED panel
obtained from simulation was higher than that obtained from
experimental measurement.

Effects for the color coordinates of CIE1931 and color
saturation

According to rules of color performances defined by
CIE1931, the red, green, and blue coordinates (x,y) of CIE1931

and color saturation are comparable with the standards of
the NTSC. The CIE1931 index and color saturation are able
to indicate the representations of hues. Larger hues or
gamuts offer clearer discrimination for the vision of human
eyes. They are also key vision indexes of displays.45 Accord-
ing to Eqs. 10–14, we may obtain better a color saturation of
red and blue for getting a smaller y value. This means that
we can get a smaller numerator and/or a larger denominator
in Eq. 15. When using a dye-polarizer on the panel of an
OLED in the dark ambience, we can remodify the spectral
stimulus on the panel of the experimental OLED. Equations
11–13 of the tristimulus values (X, Y, Z) are modified and
obtained by integration, as follows.

X ¼
Z 700

400

ðQkx kð Þ � Tdye�polarizerðkÞÞdk (18)

Y ¼
Z 700

400

ðQky kð Þ � Tdye�polarizerðkÞÞdk (19)

Z ¼
Z 700

400

ðQkz kð Þ � Tdye�polarizerðkÞÞdk (20)

In which, T(k)dye-polarizer is the transmittance of a dye-polarizer
for optical films at different wavelengths, which leads them to
Eqs. 14–16. The simulated and measured spectra of the panel

of the experimental OLED with a dye-polarizer is shown in
Figure 5. However, there was very thin glue exited between
the experimental OLED panel and the using dye-polarizer in a
practical lamination application. The glue is like an optical
interference layer to obstruct the transmittance of a display.
Therefore, the spectra of the OLED panel obtained from
simulation were higher than that obtained from experimental
measurement. According to the results in Figure 5, the
proposed technique is able to modify the color saturation of
the panel of the experimental OLED to achieve better color
performance for visual effect.

Figure 4. The reflectance of the panel of the experi-
mental OLED and applying application of a
dye-polarizer on the panel of the OLED panel.

The reflectance was measured by the Hitachi U4100

system.

Figure 5. The spectra of the panel of the experimental
OLED and its simulated and measured spec-
tra with a dye-polarizer.

The spectra of the panel of the experimental OLED was

measured by a Minolta Chroma Meter CS-1000 and the

simulated spectra was modified by the modified equation

of the definition rule of the color performances defined

in the CIE1931. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. The simulation of the reflectance of the ex-
perimental OLED and the transmittance and
reflectance of the dye-polarizer.

The reflectance was simulated by the thin-film simulation

and the transmittance and reflectance were measured by

the Hitachi U4100 system.
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The improved color saturation results of the panel in the
experimental OLED are shown in Figure 6. As seen in Fig-
ure 6, the color saturation of the panel of the experimental
OLED with and without the dye-polarizer were measured by
a Minolta Chroma Meter CS-1000. According to the results
of Figure 6, the simulation and instrumental measurement of
the panel of the experimental OLED with a dye-polarizer
were very similar (65.7 and 66.5%), and the proposed tech-
nique was able to achieve better color performance, increas-
ing the color saturation from 59.4 to 66.5% in the instrumen-
tal measurement.

According to the information provided by organic fluores-
cent materials,44,46–50 the lifetime and efficiency of blue and
red organic fluorescent materials are weaker than those of
light blue and orange materials. With similar ratiocination,
the CIE1931 index and color saturation of the OLED with a
dye-polarizer and light blue and orange organic fluorescent
materials instead of blue and red fluorescent materials are
listed in Table 1. According to Table 1, we obtained similar
color saturation for another experimental OLED with a dye-
polarizer using light blue and orange organic fluorescent
materials (increasing from 51.4 to 59.7%) in comparison to
the color saturation (59.4%) of the original experimental
OLED with blue and red organic fluorescent materials. The

purpose of the combination of a dye-polarizer with light
blue and orange organic fluorescent materials was to
improve device characteristics such as lifetime, efficiency,
and color saturation. Although organic phosphorescent mate-
rials are able to improve the lifetime and efficiency of the
blue and red devices of OLEDs, however, they are more ex-
pensive in price and have more complex organic sandwich
architectures than organic fluorescent materials.51–53

Effects of CR and color saturation in the different
ambient lights

According to the visual reflective sensitivity of human
eyes, we attempted to conduct a discussion of the CR of a
display in an indoor ambience and an in outdoor ambience.
It is generally considered that the most important visual
characteristic of a display is the CR of an image. Conveying
information by modifying an array of dots on a screen is the
sole function of a display. The CR indicates the amount of
difference that can be used to discriminate between a pixel
that is fully on and one that is off in the reflection of ambi-
ent light. The CR is presented in Eq. 17. The ambient lights
were simulated by the DMS-505 system of the autronic
Melchers GmbH. The simulation included simulated indoor
ambient light (490 cd/m2) and simulated outdoor ambient
light (1375 cd/m2). These simulated spectra are shown in
Figure 7. According to the spectra in Figure 7, the panel of
the OLED was able to investigate the CRs under the condi-
tions of simulated indoor ambience and simulated outdoor
ambience.

According to the calculation of Eq. 17, better a CR value
was obtained when using a dye-polarizer on the panel of the
experimental OLED with different simulated ambient lights.
These results are listed in Table 2. As shown in Table 2, the
dye-polarizer was able to increase the CR of the panel by
2.4–2.7 times in a simulated indoor ambience (490 cd/m2)
and a simulated outdoor ambience (1375 cd/m2).

We also conduct a discussion of color saturation for the
color sensitivity of human eyes in different simulated ambi-
ent lights. The color saturations of the panel of the experi-
mental OLED in different simulated ambient lights are
shown in Figure 8a. According to Figure 8a, the color satu-
rations of the panel of the experimental OLED obviously
decreased from 59.4 to 30.9% in simulated indoor ambient
light and from 59.4 to 17.9% in simulated outdoor ambient
light.

According to Eqs. 18–20, the tristimulus values (X, Y, Z)
are modified by using a dye-polarizer on the panel of the
OLED in the dark ambience. For the panel of an OLED in
the ambient light, the reflective factor is considered. Using a
dye-polarizer on the panel of the OLED improved the color
saturation of the panel of the experimental OLED in

Figure 6. The simulation color saturation and measure-
ment color saturation of the panel of the ex-
perimental OLED with and without a dye-po-
larizer.

The color saturation of the panel of the experimental

OLED was measured by a Minolta Chroma Meter CS-

1000 and the simulated color saturation was modified by

a modified equation of definition rule of the color per-

formances defined in the CIE1931.

Table 1. The Color Saturation of the Experimental OLED

CIE1931

OLED with Blue and Red
Organic Fluorescent Materials

OLED with Light Blue and Orange Organic
Fluorescent Materials

Without Dye-Polarizer Without Dye-Polarizer With Dye-Polarizer

Red x 0.630 0.626 0.626
y 0.354 0.364 0.359

Green x 0.294 0.311 0.286
y 0.630 0.633 0.634

Blue x 0.145 0.151 0.142
y 0.193 0.250 0.195

NTSC (%) 59.4 51.7 59.7

1760 DOI 10.1002/aic Published on behalf of the AIChE June 2012 Vol. 58, No. 6 AIChE Journal



simulated ambient lights. The ratiocination equation of color
saturation in ambient light was modified by Eqs. 18–20.
Because the second reflective factor is being small, we can
neglect it. Equations 21–23 were modified and obtained by
integration, as follows

X¼
Z 700

400

ðQkx kð Þ�Tdye�polarizerðkÞþLðkÞ�Rdye�polarizerðkÞÞdk
(21)

Y¼
Z 700

400

ðQky kð Þ�Tdye�polarizerðkÞþLðkÞ�Rdye�polarizerðkÞÞdk
(22)

Z¼
Z 700

400

ðQkz kð Þ�Tdye�polarizerðkÞþLðkÞ�Rdye�polarizerðkÞÞdk
(23)

In which, L(k) and R(k)dye-polarizer are the strength of ambient
light and the reflectance of the dye-polarizer composed of
optical film at different wavelengths, which lead them to Eqs.
14–16. The simulation and instrumental measurement of the
color saturation of the panel of the experimental OLED are
shown in Figures 8b, c.

According to the results of Figures 8b, c, we obtained
similar values in the simulation and instrumental measure-
ment of the color saturation of the panel of the experimental
OLED. According to the results of Figure 8a, c, it was able
to retard color chromatism decay from 48 to 25.4% in simu-
lated indoor ambient light and from 69.9 to 45.8% in simu-
lated outdoor ambient light when using a dye-polarizer on
the panel of the experimental OLED.

According to the optical interface theory, depositing multi-
layers like black electrodes or making black matrixes has the
potential to improve the CRs of displays. However, these
types of multilayers lead to extra costs and fabrication

Table 2. Comparison of CR Value with and without
Utilizing a Dye-Polarizer on the Panel of the OLED

Simulating Ambiance
Without

Dye-Polarizer
With

Dye-Polarizer

Indoor (490 cd/m2) 1 2.7
Outdoor (1375 cd/m2) 1 2.4

Figure 7. The spectra of indoor ambience and outdoor
ambience were simulated by the DMS-505
system of the autronic Melchers GmbH.

Figure 8. (a) The color saturation of the experimental
OLED in a simulated indoor ambience (490
cd/m2) and a simulated outdoor ambience
(1375 cd/m2).

(b) The simulation of the color saturation of the experi-

mental OLED with a dye-polarizer in a simulated indoor

ambience (490 cd/m2) and a simulated outdoor ambience

(1375 cd/m
2
). (c) The measurement of the color satura-

tion of the experimental OLED with a dye-polarizer in a

simulated indoor ambience (490 cd/m
2
) and a simulated

outdoor ambience (1375 cd/m2).
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complexity, which make it difficult to control product uni-
formity, maintain production throughput, and increase the
product yield in the productions of OLEDs.14–19 When
depositing black cathodes or making black matrices of
OLEDs, it is also necessary to laminate the protective film
on the panel to avoid the scraping of OLEDs’ panel surfa-
ces.20,21

Light reflectance is expressed as a percentage and states
how much of the light falling on a surface is reflected back.
Generally, the reflect light of surface of a display will be
caused by a strong ambient light. It will reduce the readability
of human eyes and cause a decrease in the visible CR, color
saturation of the screen image, and so on, for the visual reflec-
tive sensitivity of human eyes. Color saturation is used to
describe the intensity of color in the image, which refers to
how vivid and intense a color is. A display with poor color
saturation will look washed out or faded. When the saturation
level of color is reduced to 0, it becomes a shade of gray.
However, larger color saturation offers cleaner discrimination
for the vision of human eyes. For image performance, they
are key vision indexes. The image performance can be resolve
into these key elements, and it can also be expressed by the
following mathematical function.

Image performance

¼ f visual sensitivity; contrast ratio; color saturation;…ð Þ

First, the panel of the OLED was ratiocinated by a transfer
matrix of thin-film simulation and the rule of color
performances defined in CIE1931 was used to investigate an
adapted optical film. A dye-polarizer of composed optical film
offers better transmittance of the red and blue regions applied
on the panel of the experimental OLED. This obviously
improves the visual performance of human eyes, including
visual reflective sensitivity, color saturation, and CR in the
ambient. It is easy and common to laminate a dye-polarizer on
the panel of an OLED. This makes it unnecessary to develop a
black cathode and/or black matrix. Black cathodes and/or
black matrixes do not belong to the original OLED
architecture. This lead to lots of difficulties and fabrication
complexity (i.e., fabrication without damaging the underlying
organic layers, the effects of absorbing and conducting, no
additional barrier for electron injection, device compatibility,
etc.) including extra costs.

Presently, the biggest obstacles in developing and market-
ing OLEDs are the expensive cost and immature supply
chain, in comparison to LCDs. OLEDs costs almost seven
times as much as LCDs’.54 Currently, the most important
step is to reduce the cost of OLEDs. Although depositing
black cathodes and making black matrixes can improve the
CR of images, these improvement actions lead to extra cost
and fabrication complexity. Using dye-polarizers on the pan-
els of OLEDs is a convenient and mature technique, which
does not require the addition of extra technology. This
method significantly improves the visual reflective sensitiv-
ity, CR, and color saturation under strong ambient light con-
ditions.

Conclusion

In this study, the panel of an OLED has been successfully
ratiocinated with the application of basic thin-film simulation
and the rule of color performances in the CIE1931. The pro-
posed technique applied a dye-polarizer composed of optical

film on the panel of an OLED. The proposed method was
able to reduce the reflected light for visual reflective sensi-
tivity of the human eye by 86.6% in ambient light and
improve the CR by 2.4 times in simulated indoor ambiance
(490 cd/m2) and by 2.7 times in simulated outdoor ambiance
(1375 cd/m2). The proposed method was also able to
improve the CIE1931 value and color saturation from 59.4 to
65.7% in the theoretical simulation and 59.4 to 66.5% in the
instrumental measurement. In a practical application, due to
the weaknesses related to lifetime and the efficiency of red
and blue organic fluorescent materials, this study used light
blue and orange organic fluorescent materials instead. These
ratiocination models were applied to investigate the visual
performance of a display to choose the combination of an
adapted optical film and the panel of an OLED.
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