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Abstract 

 

The use of tunable-color illuminants to enhance the color gamut of display devices 

was proposed and investigated.  In particular, flexible sub-wavelength dielectric 

gratings (SDGs) were investigated as a possible means of realizing filters with a 

tunable transmission spectrum.  Modeling with rigorous coupled-wave analysis 

(RCWA) showed a wide range of color tunability. However, tunability between the 

intense colors ideal for forming large color gamuts was limited.  The effects of 

illuminant tuning on color density was also investigated. 
 

Introduction 

 

Display systems such as liquid crystal displays (LCD) and cathode ray tubes (CRT) are limited in 

the colors they can produce by the fact that they only have three base illuminants - red, green and 

blue - to produce all other colors.  The intensities of these colors are mixed in different quantities to 

produce whites, grays, blacks, browns, as well as intense yellows and oranges. Because these three 

base colors are static, only a portion of perceivable colors are reproducible by such displays. This 

lack of colors is especially prominent with intense “in-between” colors such as bright orange, 

purple/magenta, and cyan.  Several ideas for expanding this gamut have been proposed, such as 

adding more base colors.  These methods still rely on the mixing of static base colors.  In this paper 

I propose the use of tunable illuminants to expand the display gamut.  This will be achieved by 

using deformable sub-wavelength dielectric gratings (SDGs).   

 

Prior Work 

 

As mentioned previously, perhaps the simplest form of gamut expansion is to add more base or 

primary colors.  Displays have been developed with four, five, and six primary colors.  Most current 

gamut expansion methods are different implementations of this technique.  One such example is a 

six-primary-color display produced using cascaded optical elements [1].   

 

The use of tunable gratings for display systems is not new.  The Grating Light Valve (GLV) is 

perhaps the most popular use of tunable gratings for displays [2].  The GLV is a series of long, 

narrow MEMS (micro-electro-mechanical systems) plates that can be snapped down or popped up 

electrostatically to create different grating geometries.  Light is reflected off this moveable grating 

and only certain angles of the diffraction pattern are transmitted.  While this technology has many 

advantages, it still relies on mixing three primary colors.  The grating generally only has four 



modes; red, green, blue, and off. These four modes are mixed by adjusting the duty cycle, or time 

spent in each mode, to create different colors and intensities. 

 

A recent study demonstrated the possibility of using flexible dielectric gratings in displays [3].  The 

main difference between the flexible dielectric grating and the GLV is that the grating is made from 

flexible acrylic, which expands when a voltage is applied.  The applied voltage therefore increases 

the period of the grating, changing which color it projects, much like the GLV.  The advantage is 

that each grating is continuously tunable from blue to red.  There are several draw backs to this 

design, however.  This design relies on suspended acrylic films, which leads to harder device 

integration.  Device integration is important because the grating alone cannot control intensity, only 

color.  Also, the film must be relatively thick, which leads to higher operational voltages, as much 

as 4.5kV.  

 

Unlike the previously described works, this project will use sub-wavelength gratings, whose 

properties will be described in a later section. The theory of these structures was first modeled for 

microwave devices in the 1970’s and 80’s [4]-[6].  These works present methods of calculating the 

resonant modes which will propagate through dielectric gratings based on EM theory.  Rigorous 

modal expansion (RME) and Rigorous Coupled-Wave Analysis (RCWA) are effective 

computational tools which can be used to calculate the transmission spectra of SDGs.  SDGs have 

more recently been used for transmission and reflection elements in infrared optics [7].  By 

carefully designing the SDG, it can be completely reflective or nearly perfectly transmissive at a 

specific wavelength. 

 

Recent work with flexible SDGs used for polarization control has produced surface-deposited 

flexible films with high dielectric constants [8].  By using this method, flexible films can be made 

much thinner than the previously mentioned suspended film.  This allows for lower operational 

voltages (20-50V) and greater potential for integration.  This method is further useful because, in 

general, SDGs have more pronounced spectral peaks if their material has a high dielectric constant.   

 

Design 

 

SDGs differ from conventional gratings in several ways.  First, they do not produce diffraction 

patterns; nearly all the power is reflected or transmitted in the 0
th

 order mode.  This makes them 

fundamentally different from the gratings used in the previously mentioned works, which rely on 

the 1
st
 order mode. Using the 0

th
 order mode is advantageous because it can increase the 

transmission and reduce “leaky” light.  Second, they are highly dependant on polarization.  This is a 

drawback for most application, but the design of the display system takes advantage of this 

phenomenon, as will be discussed later.   

 

Most importantly, these SDGs have wavelength-specific reflection and transmission properties.  

Gratings less than a micron thick can be more wavelength selective than much thicker conventional 

filters.   The spectral characteristics of SDGs depend on the depth d, period Λ, fill-factor f = a1/ Λ, 

and index of refraction of the grating surface features n2, and the environment n1; as defined in 

Figure 1. All models presented assume an air environment (n1 = 1).  Figure 2 shows a sample 

transmission spectrum for a SDG with a depth of only 650nm.  Note the sharp peak at 530nm.   

 



 
 

Figure 1. SDG profile and definitions 
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Figure 2.  Transmission spectrum for the 0

th
 order TE mode for a SDG with a period of 500nm, a depth of 650nm, a 

refractive index of 2.7, and a fill factor of .6.  Results are from RCWA. 

 

As previously mentioned, tunable SDGs have been fabricated for use in areas of polarization control 

[7].  This technology relies on thin films of highly flexible rubbers like PDMS 

(polydimethylsiloxane).  Soft lithography is used to stamp the relief grating onto the surface of the 

rubber film. By applying a voltage across these thin rubber films, the structures on the surface are 

deformed as shown in Figure 3.  While this deformation does not change the period of the SDG, the 

fill-factor and depth are altered.  This deformation changes the transmission spectrum of the grating, 

as will be shown in the next section. 

 

 
 

Figure 3.  Deformation in rubber grating by applying a voltage. 

 

A display using tunable illuminants would still rely on the mixing of colors based on intensity.  This 

means the display would need a system for controlling intensity as well as color.  The basic LCD 

design is most practical for this purpose.  Figure 4 shows an LCD pixel and a tunable illuminant 

pixel.  The LCD operates by using liquid crystal as a polarization rotator between two linear 

polarizing elements.  By changing the amount of rotation, the intensity of light which passes 

through the second polarizer is changed.  Note that the liquid crystal section of the LCD can be 

replaced by a second tunable SDG.  As mentioned earlier, SDGs have strong polarization effects 

and in conjunction with a quarter wave-plate (QWP) can produce a polarization rotator similar to 

nematic liquid crystal.  This aspect of the design will not be dealt with in this project.  It is 

Compressed Relaxed 

+ 
- 

Λ 

d n2 

n1 

a1 a2 



presented here to show that thin rubber films can be used for both the intensity and color of the 

pixel.  By having a system based fully on SDGs could potentially greatly lower fabrication costs.  

This is because soft lithography is generally very cheap compared to optical lithography-based 

processes. 

 

 
Figure 4.  Schematic representation of an LCD pixel (left) and Tunable Illuminant pixel (right) 

 

Another important feature of this design is that the SDG acting as the tunable color filter is directly 

above a linear polarizer.  This means that only one polarization state needs to be considered in the 

design, which greatly simplifies the problem.   

 

Integrating a tunable color filter into an LCD-like display system will increase the range of the 

gamut and the color density within the gamut.  Figure 5 shows possible gamut expansions using 

tunable illuminants.  The colored lines show possible ranges in the XYZ-space which could be 

achieved by each tunable pixel.   

 

 
 

Figure 5.  Possible gamut expansion with integrated tunable SDGs. The colored triangle represents the range of 

conventional RGB. XYZ-space image from Norman Koren website. 

 

 

Modeling 

 

The modeling process flow is shown in Figure 6.  Modeling begins with choosing arbitrary starting 

geometries for the grating (depth, fill-factor, refractive index, and period).  How the geometry 

changes as the grating is compressed is determined using a simple approximation, namely assuming 

the product of the fill factor and the depth remain constant (df = d0f0 where d0 and f0 are the initial 
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parameters).  This approximation can be made because the material is an elastomer with a Poisson’s 

ratio of .5 and we can assume no expansion in the direction parallel to the grooves of the grating. 

 

 
 

Figure 6.  Diagram of modeling process flow  

 

The changes in the spectrum as the grating is compressed can then be determined using RCWA.  

The RCWA implementation used here was programmed by the author based on Moharam et al’s 

model [6].  Figure 7 shows an example.  All calculations were performed in MATLAB.  Note the y-

axis is depth; but this also corresponds to an increasing fill-factor.  

 

 
 

Figure 7.  The changing transmission spectrum of the grating from Figure 2 as it is compressed from 650 to 490 nm of 

depth 

 

This range of spectra can then be converted into the CIE XYZ color space by integrating each 

spectrum with the X, Y, and Z trichromancy lines.  After normalizing, this data will form a 

“compression line” in the xy-space as shown in Figure 8a.  Each initial geometry has a unique 

compression line.  In addition to the xy-space compression line, the color of each point can be 

determined by converting the X, Y, and Z values into sRGB.  This is especially useful because it 

reveals the intensity of each color, unlike the compression lines which are normalized. This 

conversion is as follows, 
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Note that the used conversion doesn’t include the CRT nonlinearity.  Colors outside the sRGB 

gamut are clipped.  A color bar associated with each compression line can be obtained by 

transforming each X, Y, and Z value to sRGB along the compression line as shown in Figure 8b. 
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Note that the color goes dark as the compression line passes through the magenta region.  This is 

information that couldn’t be obtained from the xy-space compression line alone. 
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Figure 8. (a) Compression line for the grating from Figure 2 (blue).  The red triangle represents the sRGB gamut, the ‘o’ 

represents white. (b) The color bar associated with the compression line.  Relaxed is at the top, fully compressed at the 

bottom. 

 

Note that this configuration covers a wide range of colors, but that none of them are desirable base 

colors because they are too close to white.  Because SGD spectral responses are difficult to predict, 

the behavior of SGDs can be determined by taking a large sampling of potential compression lines 

(i.e. guess and check).  Figure 9 shows the compression line of 120 arbitrary grating geometries in 

the range of .4<f<.6, 200nm<Λ<500nm, 200nm<d<650nm. 

 
Figure 9. Arbitrary sampling of compression lines (.4<f<.6, 200nm<Λ<500nm, 200nm<d<650nm) 

 

Figure 8 represents the standard range that these devices could realistically be fabricated.  By 

observing Figure 8 it can be concluded that within this range of geometries there are few useful 

compression lines.  The lines tend to loop around the white point instead of rotating at an equal 

distance as might be desired (shown in Figure 5). This implies that instead of individual peaks 

shifting with compression, they rather disappear then reappear elsewhere as Figure 7 indicates.  

Also, good base colors are only present in the red-yellow and cyan regions. Moving the range to 

longer periods produces the following compression lines (Figure 10a).  This range shows more 

promise, especially in the blue region and there also appear to be a few more options in the green 

region.  The red region is unimproved.  The disadvantage of increasing the period is that higher 

order modes will start appearing.  Decreasing the period is unhelpful because the SGD moves into 
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the relative media region.  This is where the wavelength is much larger than the period.  This results 

in the effective averaging of the dielectric properties across the grating, which eliminates resonant 

peaks.  Therefore, only white or slightly yellow color can be produced (see Figure 10b). 
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Figure 10. Arbitrary sampling of (a) 495 long-period compression lines (.3<f<.7, 500nm<Λ<1000nm, 

200nm<d<1000nm), (b) 200 short-period compression lines (.4<f<.6, 50nm<Λ<200nm, 50nm<d<500nm) 

 

In addition to increasing the gamut size, using tunable illuminants will create an uneven distribution 

of color densities.  This effect was modeled in the xy-space using gamut superposition.  A simple 

example of this is shown in the following figure.  Figure 11a shows the distribution in xy-space of 

colors from a standard 3-bit display.  Figure 11b shows the same display with one bit of color 

tunability added to each channel, effectively creating a 4-bit display.  Note that the gamut is 

expanded and the color density becomes non-uniform. 

(a) (b) 

 
Figure 11.  Color distributions for (a) a standard 3-bit display and (b) a 3-bit display with one bit of color tuning added. 

 

Results and Discussion 

 

By sifting through Figures 9 and 10, the most promising compression lines were identified.  Good 

compression lines are those that pass close to or beyond the base colors of the sRGB gamut.  The 

eight most promising compression lines were isolated and their corresponding color bars were 

calculated. The result is shown in Figure 11. 
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Figure 12.  The eight most promising compression lines and their corresponding color bars.  The red triangle represents 

sRGB space while the magenta triangle is a typical LCD gamut. 

 

The two red illuminants (1, 2) are similar pass through a wide range of colors from magenta to 

yellow-orange.  While the magenta region is too dark to be useful, the most useful deep reds have 

good intensity and extend well beyond the sRGB gamut.  Note that the deep red colors seem 

dimmer in the color bars because they have been clipped.  The blue illuminants (3-5) show a large 

range of colors in their compression lines.  Unfortunately, the deepest blue (4) has poor 

transmission in the blue region.  The other two (3, 5), however, have good transmission in the deep 

blue range.  The green illuminant was perhaps the most vital to gamut expansion.  A good range of 

tunability in the green region could expand the gamut in the green, yellow, and cyan regions 

without the need of tunable red and blue illuminants.   While the green illuminants (6-8) do show a 

wide range of colors through green to cyan outside the beyond the sRGB gamut, most of these 

colors could be achieved by mixing a static blue and green illuminant.  In other words, very few of 

their colors actually contribute to expanding the gamut.  In addition no compression line was found 

with a color close to the green corner of the sRGB gamut.  The lack of a pure green illuminant 

resulted in little gamut expansion into the yellow region.   

 

In all, by combining three of these compression lines the resulting gamut is only slightly expanded 

over a typical LCD gamut, and only in the cyan and deep red regions.  The exact initial geometries 

of the eight compression lines from Figure 12 were then determined and are shown in Table I. 
 

Table I. Initial geometries of the compression lines in Figure 12. 
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1 .5 .3 .45 
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In addition to affecting the gamut size, tunable illuminant affect the density of states.  Figure 13 

shows the color density of two 8-bit gamuts.  Figure 13a is a standard 8-bit color display where 

three 8-bits channels are used for intensity, one on each of three static illuminants.  Figure 13b 

shows the density of states where on each of three 8-bit channels six bits are used for intensity and 

two are contributed to color tuning.   

 

(a)   (b) 

 

Figure 13.  Color density on (a) a standard 8-bit display,  (b) a 8-bit tunable illuminant display 

 

Note that the variation in the standard 8-bit display is from the triangular distribution being 

integrated over square areas; the distribution is completely uniform.  Figure 13 clearly shows that 

while tunable illuminants expand the gamut, colors become concentrated at the center of the gamut.  

It should also be noted that the overall color density of the tunable illuminant display is much higher 

than the standard display.  This is because this deals with colors of a constant intensity (R + G + B = 

255).  Obviously, these two displays have the same overall number of colors, being both 8-bit.  The 

colors the tunable illuminant display gains along planes of constant intensity it loses in the total 

number of obtainable intensities. 

 

Another notable effect of the tunable illuminant color density is color clustering.  While more color 

are achievable at a single intensity, because they are non-uniformly distributed, many of these 

colors may be clustered together in certain places, too close to be distinguished one from another, 

leaving other regions with few colors.  This effect is shown in Figure 14, which shows the same 

distributions as Figure 13 only with smaller integration areas.  Note the clusters close to each 

illuminant and dispersed through the center of the gamut of the tunable illuminant display while the 

standard display remains fairly uniform. 

 

 

 



(a) (b) 

 

Figure 14.  Color uniformity on (a) a standard 8-bit display,  (b) a 8-bit tunable illuminant display 

 

Conclusion 

 

A tunable illuminant display based on SDGs was proposed and modeled.  While they achieved wide 

color ranges, SDGs proved to be less than ideal devices for achieving color tuning.  This was 

because their color changes through appearing and disappearing resonant peaks. Smoother color 

tuning could be achieved by resonant peaks shift from one wavelength to another.  Perhaps the 

resonant properties of SDGs could be improved by more complex geometries such as stacked 

layers.  However, this would hurt the advantage they had of being simple to fabricate. 

 

Tunable illuminant displays in general were showed to increase gamut coverage while producing a 

non-uniform color density.  While keeping the same number of bits intensity resolution is sacrificed 

for greater gamut size and color density at constant intensities.  Non-ideal effects such as color 

clustering were also observed.  This could theoretically be eliminated by precisely specifying the 

position of each tuned color in the xy-space.  In general tunable illuminant displays show a lot of 

potential for being high quality displays, however there are a lot of non-ideal characteristics that 

would have to be ironed out by further display design or signal processing.  Possible roadblocks in 

fabrication weren’t addressed in this paper. 
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