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Figure 4.10  Graph showing dependence of voltage on current 
efficiency.

in Fig. 4.10. Thus, the efficiency is subjected to the voltage (due to concen-
tration quenching, described in Section 2.2.2.7; densely generated excitons 
by larger current cause more chance of losing energy by collision to the 
quencher or other excitons), which needs to be taken into account in the 
display design. In particular, in the case of a phosphorescent device, colli-
sion between two triplet excitons causes quenching (as the high current 
generates many excitons by which many triplet excitons collide with each 
other to form a singlet state). This is called triplet–triplet (T–T) annihila-
tion, which can significantly reduce efficiency in the high-current region. 
This is called the rolloff phenomenon.

4.2.3  Color Reproduction

Color reproduction is an important factor in ensuring color fidelity, espe-
cially for photo images. Large-scale color reproduction can be achieved by 
applying display schemes containing the primary colors red, green, and 
blue, as discussed below. Emission spectra of red, green, and blue subpixels 
are shown in Fig. 4.11.
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Figure 4.11  Example of emission spectrum of RGB (red + green + blue) 
subpixels.

Here we assume that the emission spectrum is S (λ) and the color matching 
functions (sensitivity of the human eye to each wavelength; see the Appendix 
for actual values.) are x y z( ), ( ), ( )λ λ λ ; we can then express the tristimulus 
values (a parameter set, converted from human eye stimulus values as to 
three color primaries, designed so that only a positive value appears; stand-
ardized as CIE1931XYZ color space) as follows, using an integral ranging 
from 380 to 780 nm.

X K S x d= ∫ ( ) ( )λ λ λ
380

780

	 (4.17)

Y K S y d= ∫ ( ) ( )λ λ λ
380

780

	 (4.18)

Z K S z d= ∫ ( ) ( )λ λ λ
380

780

	 (4.19)

Here, we define the K so that calculated Y is equal to the display luminance.

Using the CIE1931-XYZ value, the (x, y) locus (generally used to indicate 
the display color reproduction capability) can be expressed as follows:

x
X

X Y Z
=

+ +
	 (4.20)
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y
Y

X Y Z
=

+ +
	 (4.21)

This (x, y) value set can be calculated for red, green, and blue, respectively, 
as (xR, yR), (xG, yG), (xB, yB).

The actual measurement results of an OLED emitter are shown in Fig. 4.12. 
The color range that can be shown by the combination of these three color 
primaries is found within the triangle that is made by the three color pri-
maries in the (x, y) coordinate. This area is called the color gamut. To 
determine the color reproduction capability of a display, the metric NTSC% 
is often used (NTSC = National [US] Television System Committee). It is 
defined as the ratio of the area of the triangle achievable by the display 
divided by the area of the standard NTSC triangle, expressed as a 

Figure 4.12  Plot of the area reproducible by RGB color mixture.
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Figure 4.13  Graphical representation of the three color standards applied in 
television manufacture.

percentage. For example, XEL-1, the 11-in. OLED television commercial-
ized in 2007, claimed a color gamut of 110%.

Although NTSC was introduced as a cathode ray tube (CRT) television 
standard, eventually most CRT fluorescence materials were designed with 
emission color coordinates close to the European Broadcasting Union 
(EBU) standard or the Rec709 standard (the international standard for 
HDTV studios), which are much smaller in area than is the NTSC triangle  
(Fig. 4.13).
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Figure 4.14  Graphical representation of the three color standards 
applied in digital camera manufacture.

On the other hand, digital cameras and computers often use the s-RGB 
standard, which is shown in Fig. 4.14 (it has the same color coordinates as 
EBU and Rec709). The Joint Photographic Experts Group (JPEG) standard 
also normally uses the s-RGB color coordinate standard; however, as the 
s-RGB triangle is not large enough to reproduce high fidelity colors, a new 
header standard EXIF2.2 has introduced the s-Ycc standard, which uses an 
extended dynamic range with grayscale values that extend from negative 
values to values greater than 255, while normal s-RGB uses 0 to 255 to 
express gray scales. The newer header standard EXIF2.21 can also handle 
the Adobe-RGB standard, which is popular in the publishing industry  
(Fig. 4.14).
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TABLE 4.2  (x, y) Coordinate of Color Primaries for Each Standard

Standard Red Green Blue

NTSC (0.67,0.33) (0.21,0.71) (0.14,0.08)
Rec-709(HDTV) (0.64,0.33) (0.30,0.60) (0.15,0.06)
EBU (0.64,0.33) (0.29,0.60) (0.15,0.06)
s-RGB (0.64,0.33) (0.30,0.60) (0.15,0.06)
Adobe-RGB (0.64,0.33) (0.21,0.71) (0.15,0.06)

The (x, y) color coordinates for four of these standards are listed in 
Table 4.2.

To ensure color fidelity, s-RGB can reproduce most colors realistically 
because there are not many vivid colors outside the s-RGB triangle in the 
real world, as illustrated in Figs. 6.28 and 6.29. However, although highly 
saturated colors rarely occur, they have an intense impact on a viewer, so 
a color gamut wider than that of s-RGB is useful for showing such colors.

In the television industry, the image boosting technique, which converts an 
original image into a more impressive image, such as one with more vivid 
colors, by means of graphic engine IC chips or a graphics processing unit 
(GPU), is often used to enhance the image impression. A wider color gamut 
is useful for such an application as well.

As discussed earlier, the (x, y) coordinate is popular as a display color 
metric; however, there are problems with using the standard. Distance in 
the (x, y) coordinate is not proportional to differences in perception of the 
human visual system, so a larger area does not always mean better display 
capability. Figure 4.15 shows 10 times the perception limits of the human 
eye in different regions of the (x, y) color space reported by McAdam et al. 
[2]; this is known as the “McAdam ellipse.” As it is an ellipse, not a circle, 
the human eye does not have the same sensitivity for the x axis and the y 
axis. Also as shown in Fig. 4.15, the human eye is very sensitive to blue 
colors (left bottom of graph) but is less sensitive to red (right bottom) and 
is very insensitive to green colors (top). This illustrates that human eye 
sensitivity depends on the location on the (x, y) coordinate. Therefore it is 
not very meaningful to discuss the area to judge the display capability on 
the basis of an (x, y) coordinate system.

The issues discussed above explain why many display companies and 
research institutes have used (u′, v′) color coordinates to express display 
capability. The CIE1976 color space coordinates (u′, v′) can be expressed as
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′ =
− + +
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+ +
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x y
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X Y Z
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15 3( ) ( )
	 (4.22)
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− + +
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+ +
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x y
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X Y Z
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2 12 3

9

15 3( ) ( )
. 	 (4.23)

Performance comparisons using the (u′, v′) color coordinates indicate how 
a color display color can actually be perceived by the human eye.

Figure 4.15  Graphical representation of McAdam ellipse, showing the human 
eye’s perception limit (at 10× magnification).

 

 

 
 

    
      

    
   

   
   
  

 

 

 

     

BOE 
Exhibit 1010     Page 19 



4.2 Basic Display Design and Related Characteristics

87

Figure 4.16  CIE-LAB uniform color space.
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Also, uniform color space is sometimes factored into any discussion of 
display capability or color boosting because the defective criteria (such as 
the luminance variation limit or the image burning limit according to life-
time test discussed in Section 2.2.4, uniformity criteria discussed in Section 
5.4.4, or the metal bus design discussed in Section 5.4.3) should be deter-
mined according to the limit of human perception.

4.2.4  Uniform Color Space

CIE-LAB and CIE-UV are two well-known uniform color spaces. On these 
uniform color spaces, lightness and color can be treated equally so that the 
length = 1 on the color space is almost equal to the human eye perception 
limit.

In CIE-LAB uniform color space (Fig. 4.16), lightness L* is defined as

L f
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* = −116 16

a f
X

X
f

Y

Yn n

* = −



500

b f
Y

Y

Z

Zn n

* = −



200

    
 
      

 

   

 
--

  

     

BOE 
Exhibit 1010     Page 20 



4 OLED Display Module

88

In the case of t > ( )6
29

3
, f(t) = t1/3. In other cases, f(t) is 1

3
29
6

2 4
29( ) +t .

Plotting a*, b*, and L* on a three-dimensional graph, the angle of the line 
made by the plotted point and the original point in plane a*–b* shows the 
hue, and the distance between the plotted point and the original point in 
plane a*–b* is the chroma, as in the Munsell color system widely used in 
color science. In this color space, the color difference (including lightness 
difference) is defined as ΔEab by the following equation:

∆ ∆ ∆ ∆E L a bab = + +* * *2 2 2

For CIE-LUV uniform color space, the (u*,v*) coordinate is defined by the 
following equations:

u L u un
* * ( )= − ′13

v L v vn
* * ( )= − ′13

Color difference can be expressed as follows for CIE-LUV uniform color 
space:

∆ ∆ ∆ ∆E L u vuv = + +* * *2 2 2

Color difference ΔE = 1 is known to be close to the human perception limit 
and is a useful criterion for determining parameters for display design,  
such as

■	 Acceptable display white point variation

■	 Acceptable lifetime and viewing angle

■	 Acceptable image sticking level.

4.2.5  White Point Determination

To display a white image, all red, green, and blue subpixels need to emit 
light. The white color changes the impression of a display quite a bit. The 
color should be selected according to the purpose of the display.

When tristimulus values of red, green, and blue are (XR, YR, ZR), (XG, YG, 
ZG), (XB, YB, ZB) respectively, then

X X X Xwhite R G B= + + 	 (4.24)

Y Y Y Ywhite R G B= + + 	 (4.25)

Z Z Z Zwhite R G B= + + 	 (4.26)
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Then the (x,y) coordinate of the white emission can be calculated as follows:

x
X

X Y Z
white

white

white white white

=
+ +

	 (4.27)

y
Y

X Y Z
white

white

white white white

=
+ +

. 	 (4.28)

The white coordinate (white point) is expressed by the CIE coordinates as 
well as by the blackbody radiation temperature.

To express the color of white emission, a blackbody temperature is often 
used. Radiant intensity from a black object having temperature T at wave-
length between λ and dλ can be expressed as (Planck radiation law) 

P
hc

e
hc

k TB

( )λ π
λ

λ

= ⋅
−

8 1

1

2

5

(P, total radiant intensity from a black object toward all direction; c, speed 
of light; h, Planck constant; kB, Boltzmann constant. It is necessary to pay 
attention to a potentially confusing definition. “Warm” color temperature, 
which normally means a color coordinate closer to red, has a low color 
temperature, while “cold” color temperature, normally a color coordinate 
closer to blue, has a high color temperature.)

Fig. 4.17 shows the spectrum of the radiant intensity for various color 
temperatures.

Figure 4.17  Black body emission spectrum for each color temperature.
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Figure 4.18 shows the CIE coordinate of each blackbody temperature. (The 
line that the color coordinate follows when temperature is changed is called 
Planckian locus or blackbody locus.)

In television applications, a temperature of 6500 K (designated as D65) is 
used to display the white point, which has been introduced by the SMPTE-
170M standard in the United States and many other countries. On the other 
hand, Asian countries such as Japan are using high-temperature color points. 
For example, Japan is using 9300 K (D93) as a target, which was introduced 
by NHK, a Japanese broadcasting organization. D65 is (x,y) = (0.3127,0.3290) 
and D93 is (x,y) = (0.283,0.297) on the CIE coordinate. For computer 

Figure 4.18  Graphical representation of blackbody versus color 
temperatures.
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monitors, three color point temperatures are sometimes available: 5000, 
6500, and 9300 K.

When designing OLED displays, it is necessary to adjust the red, green, 
and blue primary color intensities to ensure adequate white balance.

4.3 PASSIVE-MATRIX OLED DISPLAY

Actual display design methodologies are discussed in the following chap-
ters. There are several forms of OLED displays, such as segment displays 
(involving formation of electrodes by photolithography to create a pattern 
where the emission needs to take place and no matrix is formed), passive-
matrix displays [3–7], and active-matrix displays. The passive-matrix 
display design is discussed here.

4.3.1  Structure

Figures 4.19 and 4.20 show passive-matrix OLED (PMOLED) displays 
(also called passive OLED displays). The data line, which is oriented verti-
cally, and scan line, which is oriented horizontally, are formed, and the 

Figure 4.19  Matrix driving of a passive-type OLED display.
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