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Abstract. The helical pitch of the cholesteric liquid crystal (CLC) can be
adjusted to reflect the colors red, green, and blue. Additive mixing of
these colors in displays results in multicolor images and it is easy to use
pure primary blue and green colors, but the red color is in general very
unsaturated. We show by simulations that this poor red color perfor-
mance is due to reflection sidebands on the smaller wavelength side of
the normal red Bragg reflection band. We discuss five approaches to
improve the red color performance, namely, two types of spectral filtering
(dyes or filters), a very low birefringence CLC, a gradient in the birefrin-
gence of the CLC, and the use of a bluish reflector. The two methods of
spectral filtering are also experimentally tested.
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1 Introduction

A lot of researchs currentlybeingdoneon reflectivemul-
ticolor LCDs for applicationin personaldigital assistants
(PDAY), information tools (ITs), or palm tops. There are
severaldifferent approacheso achievingreflective multi-
color LCDs. Supertwistechematic(STN) LCs in birefrin-
gentmode! guesthostsystemswith color filters? and hy-
brid aligned nematic(HAN) with color filters® have been
studied among others. Recent work has shown that
polymerstabilized or polymerfree cholesteric texture
(PSCTandPFCT) LCDs canbeused™ to createmulticolor
direct-view LCDs. The advantageof cholesterictexture
LCDs (CTLCDsy) is that they do not require polarizersor
reflectors and they offer gray-scalecapability and have
memory Additive mixing of primary colorscanbe doneby
stacking layers or by juxtaposing differently colored
pixels® Unfortunately it is not possibleto obtainsaturated
red colors with cholestericLCs (CLCs) without any addi-
tional meanssuchas for exampledyes’ In this paper we
analyzewhy the red color haspoor quality andwe discuss
five possibilitiesto overcomethe problem.Two of themare
basedon spectralfiltering with dyesor filters and another
one usesa blue reflector behindthe CLC layer We also
study the influenceof a gradientbirefringencethroughout

the CLC layer and a CLC with relatively small birefrin-
gence.The methodshasedon spectralfiltering aretestedin
experiments.

2 CLCs and Their Optical Properties

LC moleculesn the cholestericphaseform a helical struc-
ture. This structureis periodic alongthe helical axis (z di-
rection and the spatial period is given by half the pitch.
The pitch p is definedasthe distancealongz necessaryor
the moleculesto makea completeturn of 2 .

The optical propertiesof the CLC for light incidentpar
allel to the helical axis dependon the relation betweenthe
vacuumwavelength\y, the pitch p and the birefringence
An=n,—n, of the LC materialwith n, andn,, is the ex-
traordinaryand ordinaryrefractiveindices,respectivelyin
our study only the caseof Braggreflectiondueto the pe-
riodic cholestericstructureis of interest.The conditionfor
Braggreflectionis A g=np with n=(ng+n,)/2. If Agisin
the visible rangeof the spectrumthe CLC appearsolored
dueto the selectivelyreflectedight with the spectralband-
width of AN=Anp and the centerwavelengthhy=np.
The color of the reflectedlight dependson the productof
np, whereadnp determinests saturationand brightness.
For nonpolarizedight incident parallelto the helical axis,
half of it is reflectedand half of it is transmitted.The re-



flected and transmittedlight are circularly polarized,the
handnes®f thereflectedlight beingthe sameasthat of the
cholesterichelix. The transmittedlight has the opposite
handnessThis transmittedlight could be reflectedby a
secondCLC layer with the oppositehandnesdo provide
nearly100%reflectionfor eachwavelengthin thereflection
band.Adding a secondCLC layer with the samehandness
and a \/2 wave plate betweenboth layerswould give the
sameresult®

3 Brief Description of the Moharam and Gaylord
Theory

The exactreflection spectrumcan be calculatedbasedon
the MoharamandGaylordtheory® The CLC is dividedinto
alarge numberof uniform birefringentlayersperpendicular
to the helical axis. The layersare slightly twisted against
eachother andtheir thicknesds very small comparedwith
the wavelengthof the incidentlight.

We considercircular polarizedlight thatis incidentpar
allel to the helical axis of the CLC. If the incidentcircular
polarizedlight is of the samehandnesssthe CLC thelight
will seea modulationof the effective refractiveindex nqgs
given by

n:n,
{[n, cose(z)12+[n,sing(z)]2?’

D

Ne(2) =

with extraordinaryandordinaryindicesof refractionn, and
ny, twist angleof the helix ¢(z) =2wz/p, locationalong
helix axis z, andlength of pitch p.

The solutionof the Helmholtzequationleadsto a supef
positionof two planewaves.Thefirst is travelingforward,
the secondbackward.The reflectedand transmittedampli-
tudesareobtainedby matchingthe electricalfield E andits
derivationat the boundariesbetweenthe layersand at the
boundariesbetweenthe LC and the input and output re-
gions.

The Helmholtzequationin a mediumwith the refraction
index ngg is givenas

(A+ng°k?)E=0, (2

with the Laplacian operator A and the wave vector k
=2m7/\.

A normalincident circular polarizedlight with the op-
positehandnessvill seethe constantindex of refractionn
=(netng)/2. It will be almostcompletelytransmittedand
Braggreflectionwill occur® for Ag=np.

For our calculationswe choosefor the birefringenceof
theLC An=0.23.Themeanvalueof therefractiveindexis
n=(ne+n,)/2=1.64. Thesevaluescorrespondo the LC
mixture E48 from Merck, which we use for our experi-
ments.If othervaluesare used,it will be mentioned All
calculationsare donefor circular polarizedlight thatis in-
cidentparallelto the helicalaxisandhasthe samehandness
as the CLC. Its wavelengthspectrumcorrespondgo the
radiationof a blackbodywith a surfacetemperaturef 6000
K. The LC is sandwichedbetweenglass plates with an
index of refraction of n=1.5. The thicknessof the CLC
layeris 10 um.
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Fig. 1 Color coordinates in the chromaticity diagram CIE1931 for
reflection spectra of a CLC with different pitches starting from 250 to
480 nm with an increment of 10 nm.

4 Orange Shift of Red CLCs

Before discussingthe orangeshift of red CLCs we intro-
ducea definitionfor saturateded color asa function of the
chromaticitycoordinatesx andy of the CIE1931diagram.
We call this the red color condition (RCO):

RCC Xtry? 1.095 f 0.55 3
= —=<1. =0). .
X—0.17 or x ®)

The formula for the RCC fits the borderline betweenred-
dish orangeandred in the chromaticitydiagramCIE1931
(seeFig. 1). Sincethe sumof x andy cannotexceedl, the
RCC is fulfilled automaticallyfor all valuesof x greater
than0.7.

In Fig. 1, we presenthe calculatedcolor coordinateof
a 10-um-thick CLC layerwith pitchesincreasingfrom 250
to 480 nm in the CIE1931chromaticitydiagram.For short
pitches, the color coordinatesare in the blue area.With
increasingpitch, they crossthe greenandyellow areasand
they then turn—just before reachingthe red region of the
chromaticity diagram—to the white point (x/y
=0.33/0.33) The color coordinatex reachesa maximum
of only 0.65for a pitch of 390nm. To analyzethis behavior
we calculatethe reflectionspectrumof a CLC with a pitch
of 390 um. The reflectionspectrumshowsstrongside re-
flection bandsnext to the main reflection band (Fig. 2).
Thesesidebandsappeardueto multiple interferenceon the
CLC layer and scalewith the value of the birefringence.
For a red CLC layer, the sidebandson the short wave-
lengthsside of the main reflectionbandhavea greatinflu-
ence on the photometricproperty or rather physiological
optical impression.The reflection spectrumof Fig. 2 is a
radiometric spectrum. To evaluate chromaticity coordi-
nates,we mustconsiderthe tristimulusvaluesx(\), y(\),
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Fig. 2 Photopic eye response y(\) and the radiometric reflection
spectrum R of a CLC with a pitch of 390 nm and a layer thickness of
10 um. The side reflection bands are clearly seen.

andz(\), asshownshortly in Fig. 4 andthe spectrumof
the light source.The “‘conversion’ of the radiometricre-
flection spectraof Fig. 2 into a photometricone by multi-
plying it with the (photopig spectraleyesensitivity known
as tristimulus curve “y(\)" (Figs. 2 and 3), leadsto an
“amplification” of the side reflection bands for wave-
lengthsshorterthan A g=np. Thereforethe resultingcolor
is orangeratherthanred.

To geta moregeneralunderstandingf the problem,we
consideredalso a blue CLC. If its radiometricreflection
spectrumis multiplied with the photopiceye responsethe
resultlooks similar to the mirror imageof Fig. 3 with the
mirror planeat about555 nm. Becauseof the weighting of
the tristimulus curves (Fig. 4) and the fact that there is
nearly no overlappingbetweenz(\) and y(\), the per
ceived color is still pure blue (Fig. 1, the curve is just
startingin the blue corne). In the caseof the red color,
thereis a large overlappingbetweenthe x(\) and y(\)
curves,and thereforethe impactof y(\) on the red color
stimuli is very important.
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Fig. 3 Product of eye response and the reflection spectrum from
Fig. 2.
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Fig. 4 Color-matching functions of CIE1931 standard calorimetric
observer [z(\),y(N),x(\)]. The y curve is also known as the pho-
topic spectral eye sensitivity, which has its maximum at 555 nm.

We mustadd, of course,that dueto the larger pitch of
thered CLC, thereflectedbandwidthsof the mainandside-
bandsarelargerfor thesameAn. Thereforetheredcoloris
lesssaturatedccomparedwith shorterpitch CLCs. Further
more, the multidomainstructuré® of the cholesterigexture
contributesalsoto the deteriorationof thered color. In this
structurethe helical axis of the cholestericdomainsare not
all perpendiculatto the substratesurfacesandthereis an
angulardistribution of the helical axis aroundthe surface
normal. The reflection spectrumof light incident perpen-
dicular to the samplebut oblique (at an angle 6) to the
helical axis of a cholestericdomain, is shifted to shorter
wavelengthscorrespondingo the condition for Bragg re-
flections:

\=npcosé. 4

Thereflectionof light onanensemblef domainsresults
in a spectrumthat is enlaged toward shorterwavelengths.
In the caseof blue CLCs the spectrumis enlaged toward
thenonvisibleUV, andthe purity of the blue color is nearly
unchangedndreflectancas maintainedln the caseof red
CLCs, the distribution of the helical axis producesan en-
largementof thereflectionspectruntowardorangeincreas-
ing alsothe reflectanceAs a result,the multidomainstruc-
ture also contributesto the orangeshift of the red CLC.

5 Improvement of Red Color Performance

To achievepurered color with cholesterid_.CDs, eitherthe
reflection sidebandsescribedin Sec.4 (Fig. 2) must be
compensatedr their occurrencanustbe preventedIn this
section,on the basisof simulationresultswe discussfive
alternative methodsfor improving the red color perfor
mance.

5.1 Filtering with Color Filters

Theuseof color filters is a well-known methodfor spectral
filtering. The advantageof filters is that they havea sharp
cutoff wavelengthMatchedto the reflectionspectrumof a
red CLC, the superpositiorof anabsorptiorfilter anda red
CLC shouldresultin purered color.
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Fig. 5 Transmission spectrum of the Kodak w25 film.

For our simulationswe usedthe transmissiorspectrum
of anordinaryKodakw25 film filter (Kodak SA, Lausanne,
Switzerland, which was measuredvith the grating spec-
trophotometerCary 1E (Varian Australia Pty. Ltd.). The
filter hasa cutoff wavelengthof 590 nm (Fig. 5).

Figure 6 showsthe calculatedreflection spectrumof a
CLC with an optimum pitch of 390 nm with and without
superpositionof the w25 film. Color filters normally also
reducethe brightnesshut the steepabsorptionedgeof the
filter at 590 nm limits the lossin reflection. Comparedto
Fig. 1 the reflection sidebandsat shorterwavelengthsare
almostcompletelysuppressedlhe chromaticitycoordinate
X is greaterthan 0.7, which indicatespure red color. The
RCC valuesfor the filtered and nonfilteredCLCs are 1.089
and 1.100,respectively

5.2 Filtering with Dichroic Dyes

By dopingthe CLC with a dichroic dye, its original colo-
rimetric valuescan be altered’ The absorptionof dichroic
dyesis polarizationdependentFigure 7 showsthe absorp-
tion spectrathat were measuredpolarization dependent
(paralleland perpendiculato the molecularalignmenj on
a test cell with planarand antiparallelalignmentwithout
twist. The cell is filled with a mixture of E48 dopedwith
1.0 wt% of the dye D35 from BDH Merck. The cell gapis

11 without with
§ RCC=1.100 1.089
<
3 L=10.0 59
L
=
(]
[
() 220000 A . A Dr
400 500 600 700 800
Wavelength [nm]

Fig. 6 Comparison of the reflection spectra with (dashed line) and
without (solid line) filtering, L is the luminous reflectance.
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Fig. 7 Spectral absorption coefficient of an LC layer with 1 wt%
D35. The two curves are related to the s and p polarizations.

6 um. The spectralabsorptioncoefficientsk(\) for parallel
and perpendicular polarization were calculated by the
Lambert-Beedaw (d=cell gap:

T(N)=exd — «(\)d]. (5)

Dueto differentpenetratiordepthsthereis no well-defined
cutoff wavelengthof the reflectedlight. The reflectedlight
at upperlayersin the CLC is not completeabsorbedThe
color of this dye-dopedLC is lesssaturatedthan that ob-
tained with spectralfiltering by filters. The brightnessis
higherthanin the caseof filtering with film filters in front
of the CLC layer. Figure 8 showsthe calculatedreflection
spectrumof a dye-dopedCLC. The RCC value for our
parametessetis 1.090.

5.3 Small Birefringence CLC

A small birefringenceAn causesa narrow reflectionband
AN accordingto the relation AN=Anp, where p is the
lengthof the pitch. Figure9 showsa typical reflectionspec-
trum for a CLC with An=0.07. The amplitudeand band-
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Fig. 8 Reflection spectrum of a dye-doped CLC (pitch, 390 nm).
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Fig. 9 Reflection spectra of a CLC with An=0.07 (pitch, 400 nm).

width of the side reflection bandsare reduced,but even

with this small An value, the sidebandsare not removed.

The red color condition,however is fulfilled andthe RCC
value is 1.083. The luminous reflectanceis strongly re-
ducedbecausef the small main reflectionbandwidth.

5.4 Birefringence Depth Profile in CLC

A depthprofile of the birefringenceperpendiculato the LC
layer is approximatedoy thin layersin which the birefrin-
genceis constant(seeFig. 10). From layer to layer, the
birefringence decreaseslinearly. The birefringence An
startsat 0.23andis decreasetby 0.023for everymicrome-
ter. As we can seein Fig. 11, the sidebandsare almost
eliminated.Nearly no yellow light candeterioratethe pure-
nessof thered light thatis reflectedfrom the main reflec-
tion band.The RCC valueis 1.092and slightly below the
limit 1.095.

Otherdepthprofilesof the birefringencehanthatof Fig.
10 canalso producecolor purifications.The effect of dif-
ferent types of linear and nonlinearprofilesin CLCs are
describedelsewheré?

5.5 Additive Color Mixing

In this method,we addeda blue reflector behindthe red-
orangeCLC layer A blue CLC canalsobe usedasthe blue
reflector In our simulation,we considera doublecell of a
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Fig. 10 Profile of the ordinary and extraordinary indices in a CLC
layer with 10 um thickness.
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Fig. 11 Reflection spectrum generated by the index profile shown in
Fig. 10. The pitch of the CLC is 400 nm.

red CLC on top of a blue CLC, the pitchesbeing 395 and
265 nm. This configurationenablesus to easily vary the
amountof reflectedblue light by varying the thicknessof

the blue CLC. The resultingcolor of sucha stackis deter

mined by the ratio of the thicknessof both layers.In Fig.

12, thetraceof thechromaticitycoordinatesn the CIE1931
standardobserverdiagramis shown as a function of the
thicknessratio. This traceis almosta straightline between
the color pointsfor the singlelayers.Only a thin blue layer
is requiredto fulfil the red color condition for the stack.
The requiredthicknessof the blue CLC layeris betweenl

and 3% of that of the completeCLC stack.The resulting
red color is not very saturatedout it is quite bright. The

RCC valueis 1.054for the selectedparameteiset. Figure
13 presentghe reflectionspectrumof the doublelayer.

6 Experimental Results

The nematichost for our experimentalLC mixtures was
E48 from Merck (Merck KGaA, DarmstadtGermany. To

CIE1931

Fig. 12 Color trace of the double layer with pitches of 265 and
395 nm starting in the reddish orange (pitch, 395 nm) and ending in
the purplish blue (pitch, 265 nm).
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Fig. 13 Reflection spectrum of the double layer with the pitches 265
and 395 nm, the blue layer being 2% of the total thickness of the
CLC stack.

adjust the cholestericpitch we used three commercially
available nonmesogenicchiral dopants of the same
handnessAll of our test mixtures are used without a
stabilization of the cholesteric texture by polymers.
The inner surfacesof our test cells are treated with
nonrubbed commercially available polyimide. The
polyimide inducesplanaralignment.The nominal cell gap
is 6.0 um. The colorimetric measurementsof the
multidomainCLC structurearemadein thereflectionmode
with the “A-scan’” module of a display measuringsystem
(DMS) from Autronic-Melchors (Autronic GmbH,
Karlsruhe,

Germany. The samples are illuminated with diffuse
light and the detecting optic is tilted to 3 deg from
the normal. The geometry of our illumination systems
eliminates specular reflections from the surface of the
LC cell. We use a white standardfrom Labsphereto
define the reflectance of 100%. The indicated
colorimetric values are calculated for a standard D65
illuminant. All of the shownreflectionspectraare normal-
izedto 1.

Without
filter
R 0.5]
-— -
0 —— ) \ ;
400 500 600 700 800

Wavelength / nm

Fig. 14 Reflection spectra of a CLC device without (dashed line)
and with (solid line) filtering with the Kodak w25 filter.
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Fig. 15 Reflection spectra of a CLC without (dashed line) and with
(solid line) filtering with the D35 dye.

6.1 Filtering with Color Filters

Figure 14 showsthe reflective spectrafor the nonfiltered
andfiltered cells. To measurehe reflectionspectrunmof our
red CLC with the color filter film from Kodak (type w25,
transmissiorspectrumin Fig. 5) we simply put thefilter on
top of ourtestcell. Sincespeculareflectionsareeliminated
by the measuremergeometrywe are not concernedabout
Fresnelreflectionson the glasssurfacesThe matchingof
the CLC andthefilter arenot optimized,thereforethefilter
also cuts somered light. This partial misfit explainsthe
poor reflectanceof only 5.0%. The RCC value for the fil-

tered spectrumis 1.083, whereas, for the nonfiltered
sample the chromaticitycoordinatex is smallerthan0.55,
which meansthatthe RCC is not applicable.

6.2 Filtering with Dichroic Dyes

To studytheinfluenceof dyeswe dopedour red CLC mix-
ture with 0.5 wt% of the dichroic dye D35 from BDH
Merck (Merck Ltd., Merck House, Poole, Great Britain).
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Fig. 16 Chromaticity coordinates for the different methods: e repre-
sents the less-saturated red, whereas a is the solution with the pur-
est red: a, filtering with color filters; b, filtering with dyes; c, small
birefringence; d, birefringence depth profile; and e, additive color
mixing.



Table 1 Comparison (theory) of the different methods to generate red color.

Method* X y RCC  Reflectance (%)
Red CLC 0 0.64 033 1.100 10.5
Red CLC with color filter, Kodak w25 a 0.71 0.29 1.089 5.4
Red CLC with dye, 1 wt% D35 b 0.65 0.32 1.090 7.2
Red CLC with An=0.12 c 0.68 031 1.089 4.6
Red CLC with An—gradient d 0.66 032 1.092 5.8
Red CLC with blue reflector (diefiector / diora=0-02) e 059 031 1.054 11.4

*Note method letters refer to Fig. 16.

The absorptiorspectreaof this dichroicdyein anematicLC
is shownin Fig. 7. The reflectionspectraof the nondoped
CLC and of the dye-dopedCLC are presentedn Fig. 15.
The reflectanceat lower wavelengthsis not completely
measuredThe RCCis evennotapplicablefor thereflection
spectrumof the dye dopedCLC mixture becausehe chro-
maticity coordinatex is smallerthan0.55.

7 Discussion

Eachof thefive possibilitiespresentedeadsto animprove-
mentof the purity of thered color but all of them—withthe
exceptionof the methodSec.5.5—considerablyeducethe
reflectanceFigure 16 showsthe locationof the chromatic-
ity coordinatesfor the different methodsin the CIE1931
diagram.The arrow points onto the original CLC. We can
seethatfiltering with a matchedcolor filter yieldsthe most-
saturateded andthe useof a blue reflectorbehindthe red
CLC resultsin a less-saturateded. However brightnesss
best for the method that gives the less-saturateded—
instead of absorbing orange light we are adding blue
light—and worst for the methodgiving the purestred. In
display applications,a trade-of must be made between
brightnessand color performance.The numerical results
areshownin Tablel.

Theresultsof our experimentsare comparedn Table 2,
andFig. 17 showsthe location of the chromaticitycoordi-
natesin the CIE1931diagram.Thetestcell with ared CLC
mixture (peakreflectionwavelength620 nm) looks orange
and the color coordinatesare located close to the white
point. Making the pitch biggerdoesnot solvethe problem.
The cells just look “dirty red” and the brightnessis re-
duced.Adding the film color filter from Kodak on top of
the cell clearly gives the bestred color performance put
unfortunatelythe reflectances strongly reducedcompared
to the original red CLC (Table 2). A better match of the
CLC mixture and the filter shouldresultin a reasonable
compromisefor display applications.The improvementof
thered color with a dye-dopednixtureis far from beingas
good as for the methodusing a filter but it still is signifi-

cant. The reductionof the brightnesss reasonabldor the
gain of color saturationAn optimizationof the dye-doped
CLC shouldgive muchbetterresultsas presentedhere.

We believethat only the methodswith spectralfiltering
and the methodusing an additional blue reflector behind
the red CLC canbe appliedfor displaysapplications.The
easiestapproachwould be to dope the CLC with dyes,
becausehis will not interferewith the cell technology A
drawbackcould be the chemicalinstability of thesedyes.
This instability can createproblemsfor the lifetime of dis-
plays, especiallyin outdoor use.Adding a color filter in
front of the CLC layer would give betterresultsfor color
saturation(methoda in Table 1) but is—atleastfor micro-
color filters—interfering in an important way with the
manufacturingprocessandcosts A displaybasedon small-
birefringencemixturesis not useful dueto its low bright-
ness.The useof a gradientof birefringenceparallelto the
helical axis would be an interestingapproachfor the real-
izationof red color filters with goodcolor performancebut
the implementatiorof sucha gradientin a CLC cell is not
obvious.

A comparisorof our theoreticalandexperimentatesults
is difficult. There are many differencesbetweenthe as-
sumedtheoreticaimodelandthe real LCD. The theoretical
model is basedon a perfect Grandjeantexture?® with its
helical axis perpendicularto the cell normal and a colli-
mated illumination parallel to the helical axis. The light
reflectionis analyzedonly parallelto the helical axis. How-
ever in a real LCD basedon the cholesterictexture, the
planar reflective state has a multidomain structurewith a
certaindistribution of the helical axesaroundthe cell nor-
mal and there a pitch distribution also occurst! Both the
helical axis andthe pitch distributionenlage the reflection
bandof the red CLC, which givesless-saturateded color.
The multidomain structurealso causessome scatteringto
appearLastbut not least,a displayis normally viewedat a
certain viewing angle with more or less diffuse ambient
illumination.

Table 2 Comparison (experimental) of the different methods to generate red colored CLC.

Method* X y RCC Reflectance (%)
Red CLC f 0.44 0.38 na 21
Red CLC with color filter (Kodak w25) g 0.65 0.31 1.083 5.0
Red CLC with dye, 0.5 wt% D35 h 0.47 0.34 na 15

*Note method letters refer to Fig. 17.
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Fig. 17 Comparison of the experimental solutions: f, no filtering; g,
Kodak filter; and h, dye.

We undertookthe theoreticalwork to qualitatively un-
derstandheredcolor problem.The experimentalvork was
doneto get a quick checkof the possibilitieswith color
filters anddyes.For the experimentsye usedmaterialsthat
were readily available. Further work is still requiredto
evaluateandto optimize theseapproacheén view of dis-
play applications.

8 Conclusion

The poorred color performanceof red CLCswasanalyzed
theoretically We introducedthereforea formula, the RCC.
We found five possibleconceptsto improve this perfor

manceon the basisof theoreticalsimulations.Experimen-
tally, we demonstratedhe red color performanceof CLC

displaysfor two of theseconceptsTheyarebasedon spec-
tral filtering, which absorbsthe light in the sidelobessitu-

atedin the yellow and orangeregions.The birefringence
gradientmethodseemsgo be technologicallyvery demand-
ing andin additionits long-termstability due to diffusion

of dopantsis undetermined.The additive color mixing

methoddoesnot suppresshe sidelobesandthereforeyields
the brightestbut lesssaturateded.

The choiceof the methoddependon its application.
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