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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.

Subject terms: liquid crystals; cholesteric texture; color generation.
1 Introduction

A lot of researchis currentlybeingdoneon reflectivemul-
ticolor LCDs for applicationin personaldigital assistants
~PDAs!, information tools ~ITs!, or palm tops. There are
severaldifferent approachesto achievingreflectivemulti-
color LCDs. Supertwistednematic~STN! LCs in birefrin-
gentmode,1 guesthostsystemswith color filters,2 andhy-
brid alignednematic~HAN! with color filters3 havebeen
studied among others. Recent work has shown that
polymer-stabilized or polymer-free cholesteric texture
~PSCTandPFCT! LCDs canbeused4,5 to createmulticolor
direct-view LCDs. The advantageof cholesterictexture
LCDs ~CTLCDs! is that they do not requirepolarizersor
reflectors and they offer gray-scalecapability and have
memory. Additive mixing of primarycolorscanbedoneby
stacking layers or by juxtaposing differently colored
pixels.6 Unfortunately, it is not possibleto obtainsaturated
red colors with cholestericLCs ~CLCs! without any addi-
tional meanssuchas for exampledyes.7 In this paper, we
analyzewhy the red color haspoor quality andwe discuss
five possibilitiesto overcometheproblem.Two of themare
basedon spectralfiltering with dyesor filters and another
one usesa blue reflector behind the CLC layer. We also
study the influenceof a gradientbirefringencethroughout
the CLC layer and a CLC with relatively small birefrin-
gence.Themethodsbasedon spectralfiltering aretestedin
experiments.

2 CLCs and Their Optical Properties

LC moleculesin thecholestericphaseform a helical struc-
ture.This structureis periodicalongthe helical axis ~z di-
rection! and the spatial period is given by half the pitch.
Thepitch p is definedasthedistancealongz necessaryfor
the moleculesto makea completeturn of 2 p.

Theopticalpropertiesof theCLC for light incidentpar-
allel to the helical axis dependon the relationbetweenthe
vacuumwavelengthl0 , the pitch p and the birefringence
Dn5ne2no of the LC materialwith ne andno is the ex-
traordinaryandordinaryrefractiveindices,respectively. In
our study, only the caseof Braggreflectiondueto the pe-
riodic cholestericstructureis of interest.The conditionfor
Braggreflectionis l05np with n5(ne1no)/2. If l0 is in
thevisible rangeof thespectrum,theCLC appearscolored
dueto theselectivelyreflectedlight with thespectralband-
width of Dl5Dnp and the center wavelengthl05np.
The color of the reflectedlight dependson the productof
np, whereasDnp determinesits saturationand brightness.
For nonpolarizedlight incidentparallel to the helical axis,
half of it is reflectedand half of it is transmitted.The re-
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flected and transmittedlight are circularly polarized, the
handnessof thereflectedlight beingthesameasthatof the
cholesterichelix. The transmittedlight has the opposite
handness.This transmittedlight could be reflectedby a
secondCLC layer with the oppositehandnessto provide
nearly100%reflectionfor eachwavelengthin thereflection
band.Adding a secondCLC layer with the samehandness
and a l/2 wave plate betweenboth layerswould give the
sameresult.8

3 Brief Description of the Moharam and Gaylord
Theory

The exact reflectionspectrumcan be calculatedbasedon
theMoharamandGaylordtheory.9 TheCLC is dividedinto
a largenumberof uniform birefringentlayersperpendicular
to the helical axis. The layersare slightly twisted against
eachother, andtheir thicknessis very smallcomparedwith
the wavelengthof the incident light.

We considercircular polarizedlight that is incidentpar-
allel to the helical axis of the CLC. If the incidentcircular
polarizedlight is of thesamehandnessastheCLC thelight
will seea modulationof the effective refractiveindex neff
given by

neff~z!5
ncno

$@no cosw~z!#21@nc sinw~z!#2%1/2, ~1!

with extraordinaryandordinaryindicesof refractionne and
no , twist angleof the helix w(z)52pz/p, location along
helix axis z, andlengthof pitch p.

Thesolutionof theHelmholtzequationleadsto a super-
positionof two planewaves.The first is travelingforward,
the secondbackward.The reflectedandtransmittedampli-
tudesareobtainedby matchingtheelectricalfield E andits
derivationat the boundariesbetweenthe layersand at the
boundariesbetweenthe LC and the input and output re-
gions.

TheHelmholtzequationin a mediumwith therefraction
index neff is given as

~D1neff
2k2!E50, ~2!

with the Laplacian operator D and the wave vector k
52p/l.

A normal incident circular polarizedlight with the op-
positehandnesswill seethe constantindex of refractionn
5(ne1no)/2. It will be almostcompletelytransmittedand
Braggreflectionwill occur10 for l05np.

For our calculations,we choosefor the birefringenceof
theLC Dn50.23.Themeanvalueof therefractiveindexis
n5(ne1no)/251.64. Thesevaluescorrespondto the LC
mixture E48 from Merck, which we use for our experi-
ments.If other valuesare used,it will be mentioned.All
calculationsaredonefor circular polarizedlight that is in-
cidentparallelto thehelicalaxisandhasthesamehandness
as the CLC. Its wavelengthspectrumcorrespondsto the
radiationof a blackbodywith a surfacetemperatureof 6000
K. The LC is sandwichedbetweenglass plates with an
index of refraction of n51.5. The thicknessof the CLC
layer is 10 mm.
4 Orange Shift of Red CLCs

Before discussingthe orangeshift of red CLCs we intro-
ducea definitionfor saturatedredcolor asa functionof the
chromaticitycoordinatesx andy of the CIE1931diagram.
We call this the red color condition ~RCC!:

RCC5
x21y2

x20.17
<1.095 for x>0.55. ~3!

The formula for the RCC fits the border-line betweenred-
dish orangeand red in the chromaticitydiagramCIE1931
~seeFig. 1!. Sincethe sumof x andy cannotexceed1, the
RCC is fulfilled automaticallyfor all valuesof x greater
than0.7.

In Fig. 1, we presentthe calculatedcolor coordinatesof
a 10-mm-thick CLC layerwith pitchesincreasingfrom 250
to 480 nm in the CIE1931chromaticitydiagram.For short
pitches, the color coordinatesare in the blue area.With
increasingpitch, theycrossthegreenandyellow areasand
they then turn—just beforereachingthe red region of the
chromaticity diagram—to the white point (x/y
50.33/0.33). 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 mm. 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-
lengthssideof the main reflectionbandhavea greatinflu-
enceon the photometricproperty or rather physiological
optical impression.The reflectionspectrumof Fig. 2 is a
radiometric spectrum. To evaluate chromaticity coordi-
nates,we mustconsiderthe tristimulusvaluesx(l), y(l),

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.
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and z(l), as shownshortly in Fig. 4 and the spectrumof
the light source.The ‘‘conversion’’ of the radiometricre-
flection spectraof Fig. 2 into a photometriconeby multi-
plying it with the ~photopic! spectraleyesensitivity, known
as tristimulus curve ‘‘y(l)’’ ~Figs. 2 and 3!, leadsto an
‘‘amplification’’ of the side reflection bands for wave-
lengthsshorterthanl05np. Thereforethe resultingcolor
is orangeratherthanred.

To geta moregeneralunderstandingof theproblem,we
consideredalso a blue CLC. If its radiometric reflection
spectrumis multiplied with the photopiceyeresponse,the
result looks similar to the mirror imageof Fig. 3 with the
mirror planeat about555 nm. Becauseof the weightingof
the tristimulus curves ~Fig. 4! and the fact that there is
nearly no overlappingbetweenz(l) and y(l), the per-
ceived color is still pure blue ~Fig. 1, the curve is just
starting in the blue corner!. In the caseof the red color,
there is a large overlappingbetweenthe x(l) and y(l)
curves,and thereforethe impact of y(l) on the red color
stimuli is very important.

Fig. 2 Photopic eye response y(l) and the radiometric reflection
spectrum R of a CLC with a pitch of 390 nm and a layer thickness of
10 mm. The side reflection bands are clearly seen.

Fig. 3 Product of eye response and the reflection spectrum from
Fig. 2.
We must add,of course,that due to the larger pitch of
theredCLC, thereflectedbandwidthsof themainandside-
bandsarelargerfor thesameDn. Thereforetheredcolor is
lesssaturatedcomparedwith shorterpitch CLCs. Further-
more,themultidomainstructure11 of thecholesterictexture
contributesalsoto thedeteriorationof the redcolor. In this
structurethehelicalaxisof thecholestericdomainsarenot
all perpendicularto the substratesurfaces,and thereis an
angulardistribution of the helical axis aroundthe surface
normal. The reflection spectrumof light incident perpen-
dicular to the samplebut oblique ~at an angle u! to the
helical axis of a cholestericdomain, is shifted to shorter
wavelengthscorrespondingto the condition for Bragg re-
flections:

l5np cosu. ~4!

Thereflectionof light onanensembleof domainsresults
in a spectrumthat is enlargedtowardshorterwavelengths.
In the caseof blue CLCs the spectrumis enlarged toward
thenonvisibleUV, andthepurity of thebluecolor is nearly
unchangedandreflectanceis maintained.In thecaseof red
CLCs, the distribution of the helical axis producesan en-
largementof thereflectionspectrumtowardorangeincreas-
ing alsothe reflectance.As a result,themultidomainstruc-
ture alsocontributesto the orangeshift of the red CLC.

5 Improvement of Red Color Performance

To achievepureredcolor with cholestericLCDs, eitherthe
reflection sidebandsdescribedin Sec.4 ~Fig. 2! must be
compensatedor their occurrencemustbeprevented.In 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-knownmethodfor spectral
filtering. The advantageof filters is that they havea sharp
cutoff wavelength.Matchedto the reflectionspectrumof a
redCLC, thesuperpositionof anabsorptionfilter anda red
CLC shouldresult in purered color.

Fig. 4 Color-matching functions of CIE1931 standard calorimetric
observer @z(l),y(l),x(l)#. The y curve is also known as the pho-
topic spectral eye sensitivity, which has its maximum at 555 nm.
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For our simulationswe usedthe transmissionspectrum
of anordinaryKodakw25 film filter ~KodakSA, Lausanne,
Switzerland!, which was measuredwith the grating spec-
trophotometerCary 1E ~Varian Australia Pty. Ltd.!. The
filter hasa cutoff wavelengthof 590 nm ~Fig. 5!.

Figure 6 showsthe calculatedreflectionspectrumof a
CLC with an optimum pitch of 390 nm with and without
superpositionof the w25 film. Color filters normally also
reducethe brightness,but the steepabsorptionedgeof the
filter at 590 nm limits the loss in reflection.Comparedto
Fig. 1 the reflectionsidebandsat shorterwavelengthsare
almostcompletelysuppressed.Thechromaticitycoordinate
x is greaterthan 0.7, which indicatespure red color. The
RCCvaluesfor thefilteredandnonfilteredCLCsare1.089
and1.100,respectively.

5.2 Filtering with Dichroic Dyes

By doping the CLC with a dichroic dye, its original colo-
rimetric valuescanbe altered.7 The absorptionof dichroic
dyesis polarizationdependent.Figure7 showsthe absorp-
tion spectra that were measuredpolarization dependent
~parallelandperpendicularto the molecularalignment! on
a test cell with planar and 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

Fig. 5 Transmission spectrum of the Kodak w25 film.

Fig. 6 Comparison of the reflection spectra with (dashed line) and
without (solid line) filtering, L is the luminous reflectance.
6 mm. Thespectralabsorptioncoefficientsk~l! for parallel
and perpendicularpolarization were calculated by the
Lambert-Beerlaw ~d5cell gap!:

T~l!5exp@2k~l!d#. ~5!

Dueto differentpenetrationdepths,thereis no well-defined
cutoff wavelengthof the reflectedlight. The reflectedlight
at upperlayersin the CLC is not completeabsorbed.The
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. Figure8 showsthe calculatedreflection
spectrumof a dye-dopedCLC. The RCC value for our
parameterset is 1.090.

5.3 Small Birefringence CLC

A small birefringenceDn causesa narrowreflectionband
Dl accordingto the relation Dl5Dnp, where p is the
lengthof thepitch.Figure9 showsa typical reflectionspec-
trum for a CLC with Dn50.07.The amplitudeand band-

Fig. 7 Spectral absorption coefficient of an LC layer with 1 wt%
D35. The two curves are related to the s and p polarizations.

Fig. 8 Reflection spectrum of a dye-doped CLC (pitch, 390 nm).
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width of the side reflection bandsare reduced,but even
with this small Dn value, the sidebandsare not removed.
The red color condition,however, is fulfilled andthe RCC
value is 1.083. The luminous reflectanceis strongly re-
ducedbecauseof the small main reflectionbandwidth.

5.4 Birefringence Depth Profile in CLC

A depthprofile of thebirefringenceperpendicularto theLC
layer is approximatedby thin layersin which the birefrin-
genceis constant~seeFig. 10!. From layer to layer, the
birefringence decreaseslinearly. The birefringence Dn
startsat 0.23andis decreasedby 0.023for everymicrome-
ter. As we can see in Fig. 11, the sidebandsare almost
eliminated.Nearlyno yellow light candeterioratethepure-
nessof the red light that is reflectedfrom the main reflec-
tion band.The RCC value is 1.092andslightly below the
limit 1.095.

Otherdepthprofilesof thebirefringencethanthatof Fig.
10 can also producecolor purifications.The effect of dif-
ferent types of linear and nonlinearprofiles in CLCs are
describedelsewhere.12

5.5 Additive Color Mixing

In this method,we addeda blue reflectorbehindthe red-
orangeCLC layer. A blueCLC canalsobeusedastheblue
reflector. In our simulation,we considera doublecell of a

Fig. 9 Reflection spectra of a CLC with Dn50.07 (pitch, 400 nm).

Fig. 10 Profile of the ordinary and extraordinary indices in a CLC
layer with 10 mm thickness.
red CLC on top of a blue CLC, the pitchesbeing395 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 thechromaticitycoordinatesin theCIE1931
standardobserverdiagramis shown as a function of the
thicknessratio. This traceis almosta straightline between
thecolor pointsfor thesinglelayers.Only a thin blue layer
is requiredto fulfil the red color condition for the stack.
The requiredthicknessof the blue CLC layer is between1
and 3% of that of the completeCLC stack.The resulting
red color is not very saturatedbut it is quite bright. The
RCC value is 1.054for the selectedparameterset.Figure
13 presentsthe reflectionspectrumof the doublelayer.

6 Experimental Results

The nematichost for our experimentalLC mixtures was
E48 from Merck ~Merck KGaA, Darmstadt,Germany!. To

Fig. 11 Reflection spectrum generated by the index profile shown in
Fig. 10. The pitch of the CLC is 400 nm.

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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adjust the cholestericpitch we used three commercially
available nonmesogenicchiral dopants of the same
handness.All of our test mixtures are used without a
stabilization of the cholesteric texture by polymers.
The inner surfaces of our test cells are treated with
nonrubbed commercially available polyimide. The
polyimide inducesplanaralignment.The nominalcell gap
is 6.0 mm. The colorimetric measurementsof the
multidomainCLC structurearemadein thereflectionmode
with the ‘‘l-scan’’ moduleof 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 shownreflectionspectraarenormal-
ized to 1.

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

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.
6.1 Filtering with Color Filters

Figure 14 showsthe reflective spectrafor the nonfiltered
andfilteredcells.To measurethereflectionspectrumof our
red CLC with the color filter film from Kodak ~type w25,
transmissionspectrumin Fig. 5! we simply put thefilter on
top of our testcell. Sincespecularreflectionsareeliminated
by the measurementgeometry, we arenot concernedabout
Fresnelreflectionson the glasssurfaces.The matchingof
theCLC andthefilter arenot optimized,thereforethefilter
also cuts somered light. This partial misfit explains the
poor reflectanceof only 5.0%.The RCC value for the fil-
tered spectrum is 1.083, whereas, for the nonfiltered
sample,the chromaticitycoordinatex is smallerthan0.55,
which meansthat the RCC is not applicable.

6.2 Filtering with Dichroic Dyes

To studythe influenceof dyeswe dopedour redCLC mix-
ture with 0.5 wt% of the dichroic dye D35 from BDH
Merck ~Merck Ltd., Merck House,Poole,Great Britain!.

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

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

Method* x y RCC Reflectance (%)

Red CLC 0 0.64 0.33 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 Dn50.12 c 0.68 0.31 1.089 4.6

Red CLC with Dn—gradient d 0.66 0.32 1.092 5.8

Red CLC with blue reflector (dreflector /dtotal50.02) e 0.59 0.31 1.054 11.4

*Note method letters refer to Fig. 16.
Theabsorptionspectraof this dichroicdyein a nematicLC
is shownin Fig. 7. The reflectionspectraof the nondoped
CLC and of the dye-dopedCLC are presentedin Fig. 15.
The reflectanceat lower wavelengthsis not completely
measured.TheRCCis evennot applicablefor thereflection
spectrumof the dye dopedCLC mixture becausethe chro-
maticity coordinatex is smallerthan0.55.

7 Discussion

Eachof thefive possibilitiespresentedleadsto animprove-
mentof thepurity of theredcolor but all of them—withthe
exceptionof themethodSec.5.5—considerablyreducethe
reflectance.Figure16 showsthe locationof the chromatic-
ity coordinatesfor the different methodsin the CIE1931
diagram.The arrow pointsonto the original CLC. We can
seethatfiltering with a matchedcolor filter yieldsthemost-
saturatedred andthe useof a blue reflectorbehindthe red
CLC resultsin a less-saturatedred.However, brightnessis
best for the method that gives the less-saturatedred—
instead of absorbing orange light we are adding blue
light—and worst for the methodgiving the purestred. In
display applications,a trade-off must be made between
brightnessand color performance.The numerical results
areshownin Table1.

The resultsof our experimentsarecomparedin Table2,
andFig. 17 showsthe locationof the chromaticitycoordi-
natesin theCIE1931diagram.Thetestcell with a redCLC
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 best red color performance,but
unfortunatelythe reflectanceis stronglyreducedcompared
to the original red CLC ~Table 2!. A better match of the
CLC mixture and the filter should result in a reasonable
compromisefor display applications.The improvementof
theredcolor with a dye-dopedmixture is far from beingas
good as for the methodusing a filter but it still is signifi-
cant.The reductionof the brightnessis reasonablefor the
gain of color saturation.An optimizationof the dye-doped
CLC shouldgive muchbetterresultsaspresentedhere.

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,
becausethis will not interferewith the cell technology. A
drawbackcould be the chemicalinstability of thesedyes.
This instability cancreateproblemsfor 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 Table1! but is—at leastfor micro-
color filters—interfering in an important way with the
manufacturingprocessandcosts.A displaybasedon small-
birefringencemixturesis not useful due to its low bright-
ness.The useof a gradientof birefringenceparallel to the
helical axis would be an interestingapproachfor the real-
izationof redcolor filters with goodcolor performance,but
the implementationof sucha gradientin a CLC cell is not
obvious.

A comparisonof our theoreticalandexperimentalresults
is difficult. There are many differencesbetweenthe as-
sumedtheoreticalmodelandthe real LCD. The theoretical
model is basedon a perfect Grandjeantexture13 with its
helical axis perpendicularto the cell normal and a colli-
mated illumination parallel to the helical axis. The light
reflectionis analyzedonly parallelto thehelicalaxis.How-
ever, in a real LCD basedon the cholesterictexture, the
planar reflectivestatehasa multidomainstructurewith a
certaindistributionof the helical axesaroundthe cell nor-
mal and therea pitch distribution also occurs.11 Both the
helical axis andthe pitch distributionenlarge the reflection
bandof the red CLC, which gives less-saturatedred color.
The multidomainstructurealso causessomescatteringto
appear. Lastbut not least,a displayis normallyviewedat 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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We undertookthe theoreticalwork to qualitatively un-
derstandtheredcolor problem.Theexperimentalwork was
done to get a quick check of the possibilitieswith color
filters anddyes.For theexperiments,we usedmaterialsthat
were readily available. Further work is still required to
evaluateand to optimize theseapproachesin view of dis-
play applications.

8 Conclusion

Thepoor redcolor performanceof redCLCswasanalyzed
theoretically. We introducedthereforea formula, the RCC.
We found five possibleconceptsto improve this perfor-
manceon the basisof theoreticalsimulations.Experimen-
tally, we demonstratedthe red color performanceof CLC
displaysfor two of theseconcepts.Theyarebasedon spec-
tral filtering, which absorbsthe light in the sidelobessitu-
ated in the yellow and orangeregions.The birefringence
gradientmethodseemsto be technologicallyvery demand-
ing and in addition its long-termstability due to diffusion
of dopants is undetermined.The additive color mixing
methoddoesnot suppressthesidelobesandthereforeyields
the brightestbut lesssaturatedred.

The choiceof the methoddependson its application.
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