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1. Introduction 

As more electronic devices with display are targeted for both indoor and outdoor uses (e.g. 
cameras, telephones, music players), it becomes increasingly important to solve the problem 
of contrast of the display under strong external lighting, more particularly under sunlight. 
In such conditions, the eye has difficulty discriminating the light emitted by the display 
from the light reflected from the device and surrounding. Increasing the contrast thus 
consists basically in making sure that the light emitted by the display dominates any other 
surrounding light reaching the observer. Undesired light from the display itself could be 
residual light emitted from “off” (or dark) pixels, or ambient light reflected on or within the 
display. 
 
Numerically, the contrast can be expressed as a ratio of the brightest and the darkest 
elements of a display, taking into account the ambient light reflected by it. In the case of 
liquid crystal displays, generally with a white backlight source, this contrast is related to the 
transmittance values of “on” and “off” pixels (Bahadur, 1991). In the case of light emitting 
devices, such as organic light emitting displays (OLEDs), the transmittance is replaced by 
the luminance of the brightest and darkest pixels, and the contrast ratio (CR) is expressed as 
(Dobrowolski et al., 1992): 
 

,on D ambient

off D ambient

L R L
CR

L R L





 (1) 

 
where Lon and Loff are the luminance values of “on” and “off” pixels on the display, 
respectively, Lambient is the ambient luminance, and RD is the luminous reflectance of the 
display, given by 
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V() being the photopic curve (an eye sensitivity spectrum standard defined by CIE 1931), 
R() is the reflectance of the pixel (on or off), and S() is the source of ambient light [for 
calculation, CIE standards such as D65 are used (Wyszecki, 1968)]. A value of 20 for CR is 
usual for a cathode ray tube television in a living room, while a cinema typically has a CR of 
80 (Poynton, 2003). Care should be taken when comparing CR values as a few different 
expressions are used to calculate them; for example Lon/Loff is often used as an expression for 
CR, but should be valid only when the ambient light is sufficiently low, which excludes the 
cases studied here. Representative luminance values for ambient light and display devices 
are given in Table I. Without ambient light (i.e. Lambient=0 in Eq. 1), CR is limited by the 
darkness of the off pixel, which is not as dark for liquid-crystal displays (due to imperfect 
blocking of its back illumination) as it is for emitting devices (see Table 1). When ambient 
light is considered, the viewer is seeing the light reflected on the pixels and the only way to 
prevent it from affecting too much CR is to increase the ratio Lon/RDLambient by (i) increasing 
Lon and (ii) reducing RD to 1% or less (see Table 2). Thus an ideal display should have a high 
Lon/Loff ratio and Lon>>RDLambient. 
 

SOURCE TYPICAL LUMINANCE 
L [cd/m2] 

Clear day 104 
Heavily Overcast day 102 

Bright moonlight 10-2 
Moonless overcast night 10-4 

CRT 90—150 
CRT, “off” pixel 0.01 

LCD 400—500 
LCD, “off” pixel 0.72 

OLED 70—600 
OLED, “off” pixel 0 

Table 1. Typical values of luminance for different ambient light conditions and display 
devices (Boff et al., 1988; Anderson, 2005). 
 

RD [%] 
Contrast Ratio CR 

Lambient=104 cd/m2 Lambient=102 cd/m2 

50 1.1 11 
10 1.5 51 
1.0 6.0 501 
0.1 51 5001 

Table 2. Values of Contrast Ratio (Eq. 1) corresponding to different values of RD and Lambient 
(assuming LD=500 cd/m2). 

 

In organic light emitting displays (OLEDs), electrons and holes are injected from the cathode 
and the anode, respectively, to one or several organic layers between them in which they 
recombine radiatively, resulting in light emission. We distinguish bottom- and top-emission 
OLEDs, for which emission occurs through a transparent anode/substrate or a semi-
transparent cathode, respectively. In most OLEDs, a thick metal layer is encountered as the 
electrode material on the non-emitting side; the light reflection from such an electrode is 
high and this results in a low CR value. Replacing the metal electrode by a transparent 
conductor (such as ITO) can contribute to lower the OLED reflectance, but this generally 
results in a lower carrier injection into the organic layers. For efficient injection, the cathode 
requires a material with a low work function (such as Ca, Mg:Ag, or Al/LiF), which are all 
metallic and possess high reflectance. The anode material should have a high work function, 
and transparent conductors such as ITO are usually the preferred choice for bottom-emitting 
devices –they obviously don’t have high reflectance.  
 

 
 
Fig. 1. Schematic view of an OLED showing its Fabry-Perot-like structure and the 
parameters used in Eq. 3.  

 
2. Theory 

2.1 Theory of emission 
Several comprehensive models for the emission of dipoles in a multilayer structure have 
been presented in the literature, which take into account the orientation of dipoles in the 
emitting layer (Björk, 1991). Less elaborated expressions for the emission of a thin-film 
structure with an emitting layer can also be developed using an approach similar to the one 
presented by Smith for describing the transmittance of Fabry-Perot structures, using the 
concept of effective interfaces (Smith, 1958). We used this approach to obtain the following 
expression for bottom-emission OLEDs (similar to other expressions that can be found in the 
literature, for example Lee et al., 2002): 
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are given in Table I. Without ambient light (i.e. Lambient=0 in Eq. 1), CR is limited by the 
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Table 2. Values of Contrast Ratio (Eq. 1) corresponding to different values of RD and Lambient 
(assuming LD=500 cd/m2). 

 

In organic light emitting displays (OLEDs), electrons and holes are injected from the cathode 
and the anode, respectively, to one or several organic layers between them in which they 
recombine radiatively, resulting in light emission. We distinguish bottom- and top-emission 
OLEDs, for which emission occurs through a transparent anode/substrate or a semi-
transparent cathode, respectively. In most OLEDs, a thick metal layer is encountered as the 
electrode material on the non-emitting side; the light reflection from such an electrode is 
high and this results in a low CR value. Replacing the metal electrode by a transparent 
conductor (such as ITO) can contribute to lower the OLED reflectance, but this generally 
results in a lower carrier injection into the organic layers. For efficient injection, the cathode 
requires a material with a low work function (such as Ca, Mg:Ag, or Al/LiF), which are all 
metallic and possess high reflectance. The anode material should have a high work function, 
and transparent conductors such as ITO are usually the preferred choice for bottom-emitting 
devices –they obviously don’t have high reflectance.  
 

 
 
Fig. 1. Schematic view of an OLED showing its Fabry-Perot-like structure and the 
parameters used in Eq. 3.  

 
2. Theory 

2.1 Theory of emission 
Several comprehensive models for the emission of dipoles in a multilayer structure have 
been presented in the literature, which take into account the orientation of dipoles in the 
emitting layer (Björk, 1991). Less elaborated expressions for the emission of a thin-film 
structure with an emitting layer can also be developed using an approach similar to the one 
presented by Smith for describing the transmittance of Fabry-Perot structures, using the 
concept of effective interfaces (Smith, 1958). We used this approach to obtain the following 
expression for bottom-emission OLEDs (similar to other expressions that can be found in the 
literature, for example Lee et al., 2002): 
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Fig. 2. Emission spectrum of Alq3. The curve was taken as representing I0 inside the OLED 
emitting layer. 
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where Ranode and Rcathode are the internal reflectance values of the two electrodes, anode and 
cathode are the phase changes on internal reflection from the mirrors surrounding the cavity 
layers, Tanode is the transmittance of the exit anode, L is the total optical thickness of the 
cavity layer, I0(λ) is the irradiance of the emitter, IOLED(λ) is the irradiance emitted in the 
glass substrate, zi is the optical distance between the emitting sublayer i and its interface 
with the cathode, and in is the angle of the emitted beam when measured from inside the 
emitting material. As shown in Eq. 3, the emitting layer can be divided into N sublayers and 
their contribution summed up (this step is not essential when the electric field intensity does 
not change significantly over the emitting layer, as with thin emitting layer, or weak 
microcavity effect). This equation can include the absorption and the dispersion of the 
optical constants of the materials. Luminance L(λ) spectra can be obtained from Eq. 3 simply 
by modulating IOLED(λ) with the photopic curve. Assuming that the phase conditions in Eq. 3 
are optimal, the maximum of emission is obtained approximately when 
Ranode/(Ranode+Tanode)=Rcathode, which reduces to Ranode=Rcathode when there is no absorption. 
 
We see that Eq. 3 depends on the internal irradiance I0(λ), which is difficult to determine 
exactly. In this work, we approximated I0(λ) with the photoluminescence spectra of a thick 
Alq3 layer, having a green emission peak (as shown in Figure 2) (Tang, 1987). 

 

As mention above, Eq. 3 is similar to the equation describing the transmittance of a Fabry-
Perot, except for the cosine at the numerator. As in Fabry-Perot filters, the multiple internal 
reflections in OLEDs induce, at some specific wavelengths, a resonance of the light electric-
field intensity (or more accurately, the irradiance) distribution inside the OLED.  
 

 
 
Fig. 3. (a) Schematic representation of a bottom-emitting OLED, (b) Example of reflectance 
and emission of a conventional OLED (thin line), and one with Rcathode=0 (thick line). (RL is 
the luminous reflectance, given by Eq. 2) 
 
The phenomenon known as “microcavity effect” refers to the enhancement or annihilation 
of the emitted irradiance related to the position of the emitting material relative to this 
resonance peak of the irradiance. A weak microcavity effect is usually present in 
conventional OLEDs because internal reflections are caused by the higher refractive index of 
the ITO anode compared to most organic layers, and the cathode is highly reflective 
(Bulovic, 1998). This is usually considered a nuisance, but has been exploited in microcavity 
OLEDs (Jordan, 1996). With Fabry-Perot filters, the phase condition for the appearance of 
resonance peaks is given by the following equation: 
 

anode cathode 2πcosθ
mπ.

2 λ
 

   (4) 

 
For OLEDs, this condition is slightly shifted due to the top cosine term in Eq. 3. When all-
dielectric mirrors are used, the phase terms anode and cathode can be set to zero; however, 
when absorbing materials (such as a metal) are used in at least one of the mirrors, the phase 
terms have to be considered. 
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Fig. 3. (a) Schematic representation of a bottom-emitting OLED, (b) Example of reflectance 
and emission of a conventional OLED (thin line), and one with Rcathode=0 (thick line). (RL is 
the luminous reflectance, given by Eq. 2) 
 
The phenomenon known as “microcavity effect” refers to the enhancement or annihilation 
of the emitted irradiance related to the position of the emitting material relative to this 
resonance peak of the irradiance. A weak microcavity effect is usually present in 
conventional OLEDs because internal reflections are caused by the higher refractive index of 
the ITO anode compared to most organic layers, and the cathode is highly reflective 
(Bulovic, 1998). This is usually considered a nuisance, but has been exploited in microcavity 
OLEDs (Jordan, 1996). With Fabry-Perot filters, the phase condition for the appearance of 
resonance peaks is given by the following equation: 
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For OLEDs, this condition is slightly shifted due to the top cosine term in Eq. 3. When all-
dielectric mirrors are used, the phase terms anode and cathode can be set to zero; however, 
when absorbing materials (such as a metal) are used in at least one of the mirrors, the phase 
terms have to be considered. 
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Fig. 4. Refractive index and nk/λ dispersion curves for a few metals. 

 
2.2 Calculation of the reflectance and design 
The reflectance of the OLED, ROLED, is calculated using well-know iterative approach for 
multilayer optics (Macleod, 2001). It is interesting to note that this approach can also be used 
not only to optimize (minimize) the reflectance of the OLED, but also to simultaneously 
optimize (maximize) its emission through the optimization of its transmittance (from the 
substrate towards the cathode), instead of using an exact expression for the emission, such 
as Eq. 3. It is the comparison of Eq. 3 with the Fabry-Perot equation that makes it possible; 
the position of the resonance peak in emission is first approximated by Eq. 4 from the Fabry-
Perot transmittance peak, and then refined using Eq. 3 to maximize the emission. 

 
3. Review of current approaches for reducing RD 

As seen in Eq. 1 and Table 1, significantly reducing the reflectance of OLEDs is crucial to 
increase the contrast ratio. Several approaches have been proposed for reaching that goal, 
which are described briefly in the following paragraphs. 

 
3.1 Use of a polarizer 
OLED display manufacturers have so far used circular polarizers borrowed from the LCD 
technology to improve contrast (Trapani et al., 2003). This approach does not require 
introduction of new layers in the OLED structure and results in reflectance similar to that of 
glass. However, polarizers are expensive, generally not flexible, and absorb a substantial 
amount of the light (up to 40%) (Wu, 2005).  

 
3.2 All-dielectric antireflection coating 
Using an all-dielectric antireflection (AR) coatings is the proper way to remove the reflection 
from the front glass surface when the light is emitted through a glass substrate (bottom-
emission).  
 
 

 

n-ik

12 23

1 2 3

d

 
 
Fig. 5. Schematic view of a metal layer, surrounded by arbitrary materials (12 and 23 can 
represent the reflection coefficient of multilayers, media 1 and 3 can be different). 
 
However, this AR coating does not remove the reflectance from the OLED structure, on the 
other side of the glass substrate. 
 
One can also introduce an all-dielectric AR coating in the OLED structure, i.e. between the 
anode of a bottom-emitting OLED and a glass substrate. Such a coating can have a limited 
efficiency in reducing RD when the cathode is a highly reflecting metal (i.e. Al or Mg:Ag). In 
such cases, metal-dielectric AR coatings can lead to a better performance. 

 
3.3 Scattering Anti-glare surface 
One can reduce the specular reflectance of the display by making its top-surface non-planar, 
an approach that can also enhance the extraction of light from the device. However, the fact 
that the emitted light is scattered by the surface structure may have a detrimental effect on 
the resolution of the display (Nuijs & Horikx, 1994). 

 
3.4 Black electrode 
In the last few years, many attempts have been made to reduce the reflectance of metal-
based electrodes, mainly by making the cathode black (Renault et al., 2000; Krasnov, 2002; 
Aziz, 2003; Dobrowolski, 1981; Lemarquis & Marchand, 1999) by using absorbing materials 
in it, or covering it with a conductive black layer coating (similar to the metal-dielectric AR 
coating described below) (Krasnov, 2002). The result is a reduced reflectance of the OLED 
sometimes below 1% at the detriment of the emission; or a relatively good emission, but 
with a higher luminous reflectance (Wu, 2005). Using Eq. 3, we can show that a completely 
dark cathode (or anode in the case of top emission) is not desired because (i) it does not take 
into account the contribution to RD from the other interfaces in the OLED structure, and 
more important (ii) it destroys any beneficial microcavity effect and reduce the emission, as 
shown in Fig. 3. In typical OLEDs, a weak microcavity effect is generally present and can be 
exploited to improve contrast. 
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sometimes below 1% at the detriment of the emission; or a relatively good emission, but 
with a higher luminous reflectance (Wu, 2005). Using Eq. 3, we can show that a completely 
dark cathode (or anode in the case of top emission) is not desired because (i) it does not take 
into account the contribution to RD from the other interfaces in the OLED structure, and 
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shown in Fig. 3. In typical OLEDs, a weak microcavity effect is generally present and can be 
exploited to improve contrast. 
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3.5 Absorbing Pigments 
Absorbing pigments in front of the OLEDs can be used in the fabrication of displays to 
create red, green and blue (RGB) pixels when combined with a wide band emission OLEDs. 
These pigments can be used to absorb the light with a wavelength that does not correspond 
to that of the light emitted by the pixel, thus contributing to reduce the ambient light 
reflection (Urabe et al., 2004). When combined, these RGB pigments can darken the surfaces 
surrounding the pixels. The only remaining ambient reflected light is the one corresponding 
to the wavelength of the ‘off” pixel (e.g. red pixel will reflect red light even when ‘off”). 

 
3.6 Metal-dielectric antireflection coating 
It has been known for some time that for efficiently reducing the reflectance of highly 
reflective substrate with a complex admittance (i.e. metals, or coated metals, such as an 
OLED), it is convenient to use simple metal-dielectric AR coatings similar to those used in 
black absorbers (Dobrowolski, 1981; Lemarquis & Marchand, 1999) or heat-reflector in solar-
cells applications (Macleod, 1978). This type of coatings has been demonstrated for the 
contrast-enhancement of electroluminescent (EL) displays (Dobrowolski et al., 1992) and on 
the cathode side of bottom-emitting OLED (see above) (Krasnov, 2002). 

 
4. Our design approach 

We mentioned in Secs. 2.1 and 3.4 that keeping a weak microcavity effect is important for 
maintaining a relatively high emission. When designing the high-contrast OLEDs, our goals 
are thus (i) to minimize the external RD of the OLED, and (ii) to maintain Ranode and Rcathode 
large enough to keep the emission high. Many of the approaches mentioned above 
concentrate on darkening the electrode on the non-emitting side of the OLED, neglecting the 
reflections on emitting side of the OLED and the contribution of the electrodes’  reflectance 
to the efficiency of the OLED. In order to take these aspects into consideration and achieve 
the goals mentioned above, our approach combines in the OLED structure three types of 
optical coatings phenomena:  antireflection with a metal-dielectric coating on the anode side, 
microcavity effect at the emitting layer, and an asymmetric reflectance of the anode. 
 
A small microcavity effect, as seen in Sec. 2, is necessary for maintaining a good emission of 
the device. For that purpose, internal reflections Ranode and Rcathode must not be reduced to 
zero, and the organic layers inside the OLED act as cavity layers, so that the position of the 
emitting layer (the thin recombination layer) must be at a resonance peak of the electric 
field. 
 
 
 
 
 

 

 
 
Fig. 6. Refractive indices and extinction coefficients (both given at a wavelength of 550 nm) 
of several metals and semiconductor materials, as found in the literature. Some isovalue-
curves of nk product are shown (most optical constants values are extracted from Palik, 
1985, and from J.A. Woollam WVASE software, 2009). 
 
 
As shown in Fig. 1, the combination of good AR coating and small microcavity effect 
apparently lead to a contradiction of the anode’s role:  it must have simultaneously a low 
external reflectance when seen from the substrate and a relatively large internal reflectance 
when seen from the cavity layers. It has been observed for a long time in thin-film optics 
that a thin layer of a material with a large extinction coefficient k can lead to the kind of 
asymmetric reflectance (Goos, 1937). In our design, such a layer has thus to be introduced on 
the anode side of the OLED structure. 
 
Of course, a compromise must still be made between low reflectance and high emission. 
Also, a too-high microcavity effect is usually not desirable in display application, since it 
leads to a large dependence of the emission on the angle of view. The key to our design is 
the asymmetry of the anode internal and external reflection. 
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to that of the light emitted by the pixel, thus contributing to reduce the ambient light 
reflection (Urabe et al., 2004). When combined, these RGB pigments can darken the surfaces 
surrounding the pixels. The only remaining ambient reflected light is the one corresponding 
to the wavelength of the ‘off” pixel (e.g. red pixel will reflect red light even when ‘off”). 

 
3.6 Metal-dielectric antireflection coating 
It has been known for some time that for efficiently reducing the reflectance of highly 
reflective substrate with a complex admittance (i.e. metals, or coated metals, such as an 
OLED), it is convenient to use simple metal-dielectric AR coatings similar to those used in 
black absorbers (Dobrowolski, 1981; Lemarquis & Marchand, 1999) or heat-reflector in solar-
cells applications (Macleod, 1978). This type of coatings has been demonstrated for the 
contrast-enhancement of electroluminescent (EL) displays (Dobrowolski et al., 1992) and on 
the cathode side of bottom-emitting OLED (see above) (Krasnov, 2002). 

 
4. Our design approach 

We mentioned in Secs. 2.1 and 3.4 that keeping a weak microcavity effect is important for 
maintaining a relatively high emission. When designing the high-contrast OLEDs, our goals 
are thus (i) to minimize the external RD of the OLED, and (ii) to maintain Ranode and Rcathode 
large enough to keep the emission high. Many of the approaches mentioned above 
concentrate on darkening the electrode on the non-emitting side of the OLED, neglecting the 
reflections on emitting side of the OLED and the contribution of the electrodes’  reflectance 
to the efficiency of the OLED. In order to take these aspects into consideration and achieve 
the goals mentioned above, our approach combines in the OLED structure three types of 
optical coatings phenomena:  antireflection with a metal-dielectric coating on the anode side, 
microcavity effect at the emitting layer, and an asymmetric reflectance of the anode. 
 
A small microcavity effect, as seen in Sec. 2, is necessary for maintaining a good emission of 
the device. For that purpose, internal reflections Ranode and Rcathode must not be reduced to 
zero, and the organic layers inside the OLED act as cavity layers, so that the position of the 
emitting layer (the thin recombination layer) must be at a resonance peak of the electric 
field. 
 
 
 
 
 

 

 
 
Fig. 6. Refractive indices and extinction coefficients (both given at a wavelength of 550 nm) 
of several metals and semiconductor materials, as found in the literature. Some isovalue-
curves of nk product are shown (most optical constants values are extracted from Palik, 
1985, and from J.A. Woollam WVASE software, 2009). 
 
 
As shown in Fig. 1, the combination of good AR coating and small microcavity effect 
apparently lead to a contradiction of the anode’s role:  it must have simultaneously a low 
external reflectance when seen from the substrate and a relatively large internal reflectance 
when seen from the cavity layers. It has been observed for a long time in thin-film optics 
that a thin layer of a material with a large extinction coefficient k can lead to the kind of 
asymmetric reflectance (Goos, 1937). In our design, such a layer has thus to be introduced on 
the anode side of the OLED structure. 
 
Of course, a compromise must still be made between low reflectance and high emission. 
Also, a too-high microcavity effect is usually not desirable in display application, since it 
leads to a large dependence of the emission on the angle of view. The key to our design is 
the asymmetry of the anode internal and external reflection. 
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Fig. 7. (a)  OLED design; (b) calculated reflectance (solid line) with the photopic curve (dash 
line) and the value of the luminous reflectance RD; (c) refractive index profile (step) and 
irradiance profile inside the OLED, with the arrows showing the metal layers, and the 
emitting layer marked in black. 

 
5. Choice of Materials 

5.1 Diode consideration 
The selection of materials composing the OLED is important from an electronic point of 
view. For example, electrode materials must be adequate for carrier injection in organic 
materials, and they must, along with the organic materials, act as good carrier transport 
materials. In particular, the cathode must be selected with care, and requires a material with 
a low work-function to promote injection to an organic layer.  
 
In the present work, we choose well-known materials for the OLED “core” layers: Mg:Ag as 
a cathode (electron injection) material, Alq3 for the electron transport and emitting layer, 
NPB simultaneously as a electron-blocking and hole-transport layer (to ensure that electrons 
and holes recombine in Alq3). Given the low mobility of organic materials, it is also 
important that their thickness be close to the diffusion length of the charges they transport; 
this usually constraints the optical design since the resulting thickness of the organic stack is 
somewhat less than a half-wavelength. In some cases, ITO was used for the anode (hole 
injection) material. The other materials included in the design are mentioned in the 
following sub-sections. 
 

 

 
 
Fig. 8. (a)  OLED design; (b) calculated reflectance (solid line) with the photopic curve (dash 
line) and the value of the luminous reflectance RD; (c) refractive index profile (step) and 
irradiance profile inside the OLED, with the arrows showing the metal layers, and the 
emitting layer marked in black. 

 
5.2 Optical consideration, metal-dielectric antireflection coating 
In metal-dielectric AR coatings, the main role of the metal layers is not to absorb the light 
but to benefit from its complex admittance n-ik in order to more efficiently reach to AR 
condition (Lemarquis & Marchand, 1999). For that reason, metals with relatively large k are 
required for this type of coatings (see Fig. 6). Metals that are highly reflecting, such as metals 
with n < 1, are usually avoided. In addition, metals with n that decreases with decreasing λ 
(often called “abnormal dispersion”) are needed to compensate for the increase of optical 
thickness in the dielectrics at shorter wavelengths. This type of optical constants dispersion 
is also needed so that the metal does not introduce chromatic absorption in the device, 
which requires a constant nk/λ for all the wavelengths of interest. Figure 4 shows n and 
nk/λ dispersion curves for several metals. Chromium is often used for metal-dielectric black 
absorbers, but our preferred choice is Inconel (an alloy of Cr:Ni:Fe), which is less absorbing 
and has a very flat nk/λ curve. 

 
5.3 Optical consideration, electrode with asymmetric reflection 
As mentioned in Sec. 4, a material with k > 0 is required at the anode to maintain a cavity 
effect in the OLED while reducing its external reflectance, i.e. introducing an asymmetry of 
the internal and external reflectance of the anode. The optical constants required for that 
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purpose can be found by looking at the reflection coefficients r and r’ from both side of an 
arbitrary layer, with arbitrary interfaces (they could include multilayer), as shown in Fig. 5: 
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Clearly, the exponential term differentiates r and r’. It can be shown from Eq. 5 that a large k 
value is essential to increase the asymmetry in reflectance, with a sufficiently large thickness 
d; a large n value will also increase the asymmetry, but is not essential. In the case of the 
anode (as in many other cases involving asymmetric reflectance), a reduction of the light 
absorption in the layer is important. The irradiance absorbed by a layer is given by the 
following relation (Macleod, 2001): 
 

2
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I nkd E γ,

λ
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where E is the average amplitude of the electric field in the film considered and γ is the free 
space admittance (a constant). From this equation, we see that reducing the thickness and 
the amplitude of the electric field inside the layer will lead to a low absorption. This can be 
done when refining the design of the OLED. Equation 6 also indicates that materials with a 
low nk product will lead to lower absorption. Figure 6 shows the optical constants of many 
absorbing materials, and help to find materials having the required (i) high k value and (ii) 
low nk value. We see on Figure 6 that semiconductor materials (Ge, GaAs, and Si) have 
relatively low k values and large nk products, while ITO has a low nk product, but also a low 
k. Metals, on the other hand, have larger k values, but most of them are too absorbing (large 
nk product). Only silver (Ag) and gold (Au), two transition metals, have a suitably low n 
value and large k value; they are the preferred choice for our application. 

 
6. Application to high-contrast OLED 

6.1 Examples of design 
We used the ideas presented in the previous Section and optimized the layers thicknesses of 
OLED structures consisting of thick-Mg:Ag|organics|Au/Ag|ITO|metal-dielectric-
AR|glass in order to reduce RD, while keeping Rcathode and Ranode sufficiently high for 
maintaining a weak cavity effect.  
 
 
 
 

 

 
 
Fig. 9. (a) Schematic bottom view of multi-segment OLED device with and without metal-
dielectric AR. (b) Picture of such a device after fabrication. This device corresponds to the 
design presented in Figure 8. 
 
During theses optimizations, it was important to constrain the thickness values of organic 
materials to ensure high efficiency OLEDs. For a similar reason, we introduced an Au layer 
(which has a higher work function than Ag) to facilitate hole injection in the hole transport 
layer (see Sec. 7). In addition, the thickness of the ITO film had to be large enough to form a 
low resistivity anode and facilitate the contact with an external lead (although in some cases, 
we found that the Au/Ag layer was thick enough so that no ITO layer was required). 
 
Figures 7 and 8 show two different designs with a different number of layers in the metal-
dielectric AR part of the structure, along with their calculated performances (reflectance and 
luminance spectra). The complex refractive index of all layers were measured from films 
deposited in the same conditions as our devices. When compared to the performance of a 
conventional OLED shown in  Fig. 3(b) and (c), we see that the new designs reduce the 
reflectance to 2% and less, which is 25 times less than that of a typical OLED, and that the 
emission is of the same order of magnitude. 
 
Figure 7(c) and 8(c) also show the distribution of the irradiance inside the OLEDs at the peak 
wavelength. The maximum of irradiance at the position of the emitting layer indicates that a 
microcavity effect occurs in the OLED. Not shown here is the fact that the optimization of 
such designs with absorbing layers involves the adjustment of phase values φanode and φcathode 
in Eq. 3 (Poitras et al., 2003). In addition, the reduced irradiance values at positions 
corresponding to the metal layers contribute to reduce the absorption of emitted light in 
these layers (see Eq. 6). 
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6.2 Example of actual device 
SiO2, TiO2 and Inconel were deposited in a dual ion-beam sputtering deposition chamber 
(Spector, Veeco-IonTech), and all other materials were thermally evaporated in a high-
vacuum cluster tool (Kurt J. Lesker), in separate chambers for metals and organics to avoid 
cross-contamination and interface degradation. The complex refractive index spectra of 
individual films were derived from measurements by ex-situ variable-angle spectroscopic 
ellipsometer (VASE, J.A. Woollam Co.). These spectra were used to produce the final design 
described and simulated in Figure 8. 
The profile of the calculated irradiance, which is the light radiant flux per unit area, is 
shown in Figure 1 at the peak wavelength of emission. The cavity is designed so that the 
irradiance has a maximum in the Alq3 layer at the NPB interface, where the emission 
originates, and a minimum in the Ag/Au absorbing bilayer, where light absorption is 
reduced. High contrast is obtained because the Au/Ag bilayer is highly absorbing seen from 
the outside. Using published extinction coefficients for evaporated Au and Ag films (AIP, 
1972), the transmittance of the Au/Ag bilayer without the cavity effect is calculated to be 
0.042. 
Actual devices were fabricated with the DBR materials sputtered through a shadow mask 
on only half of a 2x2 in2 glass slide to provide direct comparison between filtered and 
unfiltered sides (see Figure 9). Ag and Au were evaporated through a shadow-mask to 
define electrode tracks and an electrical separator lithographically patterned to define diode 
segments (Roth et al., 2001). NPB, Alq3, Mg:Ag and a Ag capping layer were evaporated 
with the contacts masked off. The samples were not encapsulated. 
Reflectance measurements were performed using a spectrophotometer (Lambda-19, Perkin-
Elmer) equipped with a reflectance accessory (with an angle of incidence of 7°). The values 
obtained (see Figure 10) are in qualitative agreement with our simulation, and show a very 
clear improvement of the contrast. The spectral shift and discrepancy in values of reflectance 
between simulated and measured spectra is due to the cumulative error in film thicknesses, 
most probably from organic materials for which the control is less precise, but also from 
variations in the optical constants of metallic films, which are critical.  
The unfiltered OLED shows a deep absorption peak due to the Fabry-Perot resonance of the 
naturally-occurring weak microcavity, and the filtered OLED shows oscillations in the 
reflectance due to the same effect. Lower reflectance filters could be designed with more 
layers in the DBR, at the expense of added complexity.  

 
7. Conclusion 

It is conceivable that future outdoor displays will combine different approaches: intensity 
control, microstructure for light extraction, or displays based on reflection might be used, 
but they will certainly include reflection-suppressing designs. As we saw earlier, efficiently 
suppressing the light reflection from the device requires an integration of the antireflection 
layers with the entire display device. 
We have demonstrated the concept of a multilayer anode comprising an Au/Ag bilayer and 
a metal-dielectric AR coating that has both a high internal reflectance and a low outside 
reflectance. The former property is used to maintain a microcavity effect in the OLED that is 
tuned to maximize light out-coupling, and the latter to improve the OLED contrast ratio.  

 

Fig. 10. Theoretical and measured reflectance spectra, for OLED with and without integrated 
metal-dielectric layers. 
 
Further designs are being considered with varying thicknesses of the Au/Ag layer, and 
fewer layers in the metal-dielectric coating for a simpler fabrication process. 
Although the basic concepts described concerning the microcavity effect have been applied 
in the present work to bottom-emission OLEDs and specific materials only, they are general 
and will remain true whatever the materials used in the device (i.e. polymer-based), and for 
other device structures (such as top-emitting-OLED, tandem-OLED, etc.). 
The problem of contrast is complex: the optimum contrast for which a viewer is comfortable 
depends on the color, and the surrounding light. For outside application, ideal solutions will 
probably involve not only the reduction of the reflectance of the display, such as explained 
here, but also the adjustment of display luminance and correction for the gamma parameter 
(Poynton, 1993; Devlin et al., 2006). 
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