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In this paper, we investigate the spectral characteristics of normal incident light reflected by a multilayered
structure composed of an alternated sequence of single-pitch cholesteric liquid-crystal �ChLC� and anisotropic
layers. Using the Berreman 4�4 matrix formalism, we numerically obtain the reflection spectrum and the
chromaticity diagram as a function of the anisotropic layers thickness d. For d→0, the structure behaves like
a single ChLC layer, showing a single reflection band. As the anisotropic layer thickness increases, the
reflection band shifts toward high-wavelength spectral regions, while new reflection bands appear. As a con-
sequence, the reflection chromaticity continuously changes with d. It is observed that a suitable choice of the
anisotropic layer thickness can produce a threefold reflection band with a red-green-blue associated color for
both polarized and unpolarized incident lights.
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I. INTRODUCTION

Optical properties of one-dimensional multilayered struc-
tures have attracted a considerable interest due to their rel-
evance for the development of new electro-optical devices
�1–5�. In particular, these systems exhibit a frequency range
of reflected modes, denominated photonic band gap, which
can be suitably tuned by modifying their internal stacked
structure �6�. Such a behavior has been explored in the de-
sign of tunable filters �1�, all-optical switches �2�, and low-
threshold lasers �4�. From a fundamental point of view, pho-
tonic systems present a rich phenomenology associated with
interface effects �7,8�, nonlinear response �9,10�, and the in-
troduction of disorder and defect layers �11,12�. In fact,
emission of coherent thermal radiation �13�, optical localiza-
tion transitions �14�, and propagation of spatial solitons �15�
are a few examples of the wide scope of this subject in dif-
ferent research areas.

Over the past decade, several works have been devoted to
the study of one-dimensional photonic structures containing
cholesteric liquid-crystal �ChLC� layers �12,16–22�. Choles-
teric liquid crystals consist of a chiral nematic sample, which
is characterized by a periodic helical distortion of the nem-
atic orientational order �23�. With a pitch comparable with
the optical wavelength, such a self-organized structure be-
haves as a pseudophotonic system for circularly polarized
light with the same handedness of the director distortion.
This unique property has provided the possibility of design-
ing tunable mirrorless laser devices that explore the pitch
sensitivity to external agents, such as an electric field �23�,
temperature �24� and concentration �25� gradients, and uv
irradiation �26–28�. The above feature has been explored to
develop broadband reflectors based on cholesteric systems
with a continuous pitch gradient �18,19,25,29,30�. Further, it
was demonstrated that the introduction of defects in the he-
lical structure induces the emergence of resonance modes
inside the photonic stop band �12,16,31–33�. The generation
and setting of these modes from different mechanisms have
been extensively studied due to their high-wavelength selec-
tivity, which is required by many electro-optical applications.

Defect modes are usually associated with a discontinuous
point in the helical periodicity �twist defect� �31� and with
the inclusion of isotropic layers �12� or anisotropic layers
�AnL’s� �34� in the cholesteric structure �defect layer�. In this
case, the anisotropic layer corresponds to a slab with an op-
tical axis without a helicoidal distortion, in contrast to the
cholesteric layers. Actually, recent investigations reported
that the inclusion of a single anisotropic defect layer pro-
vides an additional degree of freedom for tuning the defects
modes, with a weaker polarization dependence �34–36�.

The selective reflection of stacked structures containing
cholesteric liquid-crystal layers has attracted a renewed in-
terest. In particular, these systems exhibit a complex reflec-
tion spectrum which can be described as a multiple photonic
band-gap structure �20�. Such a behavior contrasts with the
typical single-band reflection of cholesteric liquid crystals
presenting a defect layer or a twist defect �12,31�. In fact,
numerical and experimental studies have revealed that the
multiband reflection spectrum depends on the internal ar-
rangement of the system �20,37,38�. Introducing quasiperi-
odic Fibonnacian twist defects in a single-pitched cholesteric
structure, recent works have demonstrated that a red-green-
blue �RGB� reflection spectrum takes place when a � /3
phase jump is inserted in the helical periodicity �37�. De-
pending on the Fibonnacian generation, such a RGB reflec-
tion spectrum was predicted to persist in a wide range of
incidence angles �38�. Similar results were also obtained in
multilayered structures consisting of an alternated sequence
of single-pitched cholesteric layers and isotropic dielectric
slabs under normal incidence. However, it was observed that
the reflection spectrum and chromaticity diagram of alter-
nated sequences exhibit a pronounced dependence on the
incidence angle �38�, presenting a complex sequence of color
shifts. Although the reflection properties of cholesteric mul-
tilayered structures containing twist defects and isotropic de-
fect layers have been extensively investigated, the effects
associated with the introduction of multiple anisotropic de-
fect layers have not been explored so far.

In this work, we investigate the reflection properties of
multilayered structures constituted by alternated cholesteric
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and anisotropic layers, considering the normal incidence of
circularly polarized optical waves with positive and negative
handedness of the director distortion. By using the Berreman
4�4 matrix formalism �39,40�, we observe that the multi-
band reflection spectrum of the system can suitably be ad-
justed by setting the thickness of the anisotropic layer. Ac-
cording the International Commission on Illumination
prescription �CIE 1931� �41�, the chromaticity diagram of
this structure is also computed, with RGB reflection bands
being observed for a typical set of experimental parameters,
thus leading a white chromaticity of the reflected light. Fur-
ther, our results show that the introduction of the anisotropic
defect layer reduces the reflection dependence on the polar-
ization handedness of the optical wave.

II. BERREMAN 4Ã4 MATRIX FORMALISM

In order to study the reflection properties of multilayered
structures containing cholesteric liquid-crystal layers, we
used the Berreman 4�4 numerical method which permits us
to investigate the light propagation in a medium with a non-
uniform refractive index along one direction. In particular,
we considered a monochromatic plane wave of angular fre-
quency �, circularly polarized, and propagating in a medium
that is uniform in its dielectric properties in one plane, which
is taken to be the xy plane. The x-y components of the elec-
tric field E and the magnetic field H can be written as

�
Ex�r�,t�
Ey�r�,t�
Hx�r�,t�
Hy�r�,t�

� = ��z�e−i�t, �1�

where ��z� is a column vector and normal incidence was
assumed. From the Maxwell’s equations in Gaussian units,
one can derive the following set of four differential equa-
tions:

d��z�
dz

= ikD�z� · ��z� , �2�

where D is the so-called Berreman 4�4 matrix �39,40�. As-
suming the medium to be nonmagnetic with a constant di-
electric tensor �, the Berreman matrix does not depend on z
and can be written as

D =�
0 0 0 1

0 0 − 1 0

�yz
�zx

�zz
− �yx − �yy + �yz

�zy

�zz
0 0

�xx − �xz
�zx

�zz
�xy − �xz

�zy

�zz
0 0

� . �3�

Several numerical methods have been successfully em-
ployed to solve the Berreman equation, presenting good
agreement with the experimental results �12,18,39�. Here, we
express the solution of Eq. �2� as a superposition of four
distinct plane waves,

��z� = �
l=1

4

Cl�
�l�eik�lz, �4�

where ��l� are the eigenvectors and �l are the eigenvalues of
the Berreman matrix. For a ChLC layer of thickness a, the
helical distortion of the director implies a z dependence of
the Berreman matrix, which invalidates the above exact so-
lution. However, an approximate numerical solution can be
obtained by virtually slicing the cholesteric layer into a large
number M of thin slabs. In this case, D can be treated as
fairly constant within each slab. The relation between the
electric and magnetic fields at the interfaces at z=z1 and z
=z1+a can be written in transfer matrix form as

��z1 + a� = T1 · T2 · ¯ · TM · ��z1� , �5�

Ti = �i	i�i
−1, �6�

where Ti is the transfer matrix associated with the ith virtual
slice of the ChLC layer. Here, �i is a 4�4 unitary matrix
whose columns are formed by the eigenvectors of D and 	i is
a diagonal matrix with elements 	l,l=eik�l
z �
z= a

M �.
In a multilayered structure, the boundary conditions re-

quire the parallel components of the electric and magnetic
fields to be continuous at the interfaces. Therefore, the rela-
tion between the in-plane components of the fields at the two
external interfaces which separate the film from the sur-
rounding medium can be written as a function of the product
of all transfer matrices, with no virtual slicing being needed
for uniform and anisotropic layers.

The transfer matrix can be used to compute the transmit-
tance and reflectance of the multilayered structure. For a nor-
mal incident plane wave, the components of the reflected
�Rx ,Ry� and transmitted �Tx ,Ty� electric fields can be ob-
tained from the following set of linear equations �40�:

Ex
i + Rx = �F11 + F12n0�Tx + �F13 + F14n0�Ty ,

n0�Ex
i − Rx� = �F21 + F22n0�Tx + �F23 + F24n0�Ty ,

Ey
i + Ry = �F31 + F32n0�Tx + �F33 + F34n0�Ty ,

n0�Ey
i − Ry� = �F41 + F42n0�Tx + �F43 + F44n0�Ty , �7�

where Ex
i and Ey

i represent the components of the incident
electric field and Fij’s are the elements of the inverse transfer
matrix �F=T−1�. n0 is the refractive index of the input me-
dium, which we take as the typical value of glass cells �n0
=1.5�.

The multilayered structures incorporating ChLC layers
were assumed to have the z direction as the twist axis. In
these layers, the liquid-crystal director is represented by n̂
= �cos�q0z� , sin�q0z� ,0�, where q0=2� / P, and P is the heli-
cal pitch. For the anisotropic layer, the optical axis is con-
stant and its orientation coincides with the nematic director
at the cholesteric layer interfaces. In such a configuration, no
twist defect is generated by the introduction of anisotropic
layer in the helical structure. In all cases, the dielectric tensor
function ��z� is given by �i,j =���i,j +
�ninj. Here, �i , j�
�x ,y ,z, �i,j is the Kronecker delta, and 
�= ��� −��� �23�.
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III. RESULTS

We analyzed the spectral properties of a multilayered
structure composed of an alternated sequence of cholesteric
and anisotropic layers, as presented in Fig. 1. The ordinary
and extraordinary refractive indices of the birefringent planes
were taken to be no

a=1.342 ���=no
2=1.8� and ne

a=1.449 ���

=ne
2=2.1� for the anisotropic layers, in order to allow a

closer connection with previous theoretical studies of choles-
teric structures with a single anisotropic defect layer �34�.
The case of isotropic defect layers with a refraction index
n= �ne

a+no
a� /2 was computed for comparison. For the choles-

teric layers, we used no=1.56 and ne=1.78, which are typical
values for polymeric cholesteric liquid crystal �21�. The op-
tical pitch is given by �P= n̄P=532 nm, where n̄ is the av-
erage refractive index given by n̄= ��no

2+ne
2� /2�1/2, in such a

way that the main reflection band of cholesteric system is
centered in the green region of the optical spectrum, as used
in previous theoretical and experimental studies �20,37�. Im-
posing the outermost layers to be cholesteric liquid crystals,
the lowest-order alternated sequences are defined as S1=A,
S2=ABA, S3=ABABA, and S4=ABABABA. A and B repre-
sent the ChLC and anisotropic layers, respectively. In alter-
nated sequences, enhancing the number of layers leads to a
multifragmented spectrum and a high reflectance around the
main band gap. In what follows, we will investigate the re-
flection properties of the S4 alternated sequence, which is
able to display a nearly RGB spectrum with a relatively high
reflectance �38�.

In Fig. 2 we present the density plot of the reflection
spectrum as a function of the thickness of the defect layers d
for the cases of isotropic and anisotropic defects. Here, we
consider a normal incident light presenting a circular polar-
ization with the same handedness of the cholesteric helix.
The brighter areas represent the reflection peaks for a given
optical wavelength and defect layer thickness. For d→0, the
multilayered structure is reduced to a single ChLC layer with
a total thickness of 4P, presenting a single reflection band. A
different scenario is observed when the defect layer thickness
becomes comparable to the helical pitch, with the appearance
of new reflection bands. Further, we notice that the original
stop band is shifted toward longer-wavelength regions. In
fact, the number and position of the reflection bands can be

controlled by adjusting the thickness of the defect layers. In
the limit of d� P, the reflection spectrum shows a large num-
ber of stop bands with similar peak amplitudes. The structure
with anisotropic defects exhibits lower reflectance peaks due
to the phase retardation effect. Such a feature is more pro-
nounced for large thicknesses of the anisotropic layers.

The chromatic sensation of human eyes to a specific op-
tical spectrum is usually characterized by a chromaticity dia-
gram. In what follows, we use the CIE 1931 prescription
which is based on the tristimulus values of a color, represent-
ing the intensity combination of primary colors basis. The
numerical representation of the tristimulus for the CIE XYZ
color space is given by �41�

FIG. 1. �Color online� Scheme of the multilayered structure
composed of an alternate sequence of cholesteric liquid-crystal
�ChLC� layers and AnL’s. The anisotropic director vector orienta-
tion matches the ChLC layer director orientation at the interfaces
�no twist defect�.

300 400 500 600 700 800 900
0

1

2

3

Wavelength �nm�

d�
P

0.0

0.2

0.4

0.6

0.8

300 400 500 600 700 800 900
0

1

2

3

Wavelength �nm�

d�
P

0.0

0.2

0.4

0.6

0.8

ChLC−Iso
Same Handedness

ChLC−AnL
(a)

(b)

FIG. 2. �Color online� Density plot of the reflection spectra as a
function of the defect layer thickness d, in units of the helical pitch
P for the S4 structure and normal incident light with the circular
polarity handedness coinciding with the helical distortion of the
ChCL director. �a� Isotropic and �b� anisotropic defects. The
brighter areas represent the maxima of reflection. Notice that the
reflection peaks are shifted toward the region of longer wavelengths
as the defect layer thickness increases. The structure with aniso-
tropic defects exhibits a lower reflectance peaks due to the phase
retardation effect.
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X = 	
0



I���x̄���d� ,

Y = 	
0



I���ȳ���d� ,

Z = 	
0



I���z̄���d� , �8�

where I��� is the optical spectrum and x̄, ȳ, and z̄ are the
color matching functions obtained experimentally for a CIE
standard observer. The chromaticity is represented on the
diagram by a point of coordinates �x ,y� defined as

x =
X

X + Y + Z
,

y =
Y

X + Y + Z
, �9�

with x=y=1 /3 corresponding to the white chromaticity.
The reflection chromaticity of multilayered structures is

directly associated with the multiple stop bands in the reflec-
tion spectrum �38�. In particular, the chromaticity diagram of
the S4 alternated sequence exhibits a pronounced color shift
as the defect layer thickness is changed for both isotropic and
anisotropic defects, as shown in Fig. 3. Here, the circular
polarization of the normal incident light still presents the
same handedness of the cholesteric helix. In the limit of d
→0, the single ChLC layer presents only one associated
color reflection band located on the green region. However,
such a band is shifted toward the red region as the defect
layer thickness increases. Further, a complex sequence of
color shifts is observed as other stop bands emerge in the
visible range of the spectrum. For thick defect layers, the
reflection spectrum presents several stop bands, which re-
sults in an associated chromaticity around the white region.
Although the chromaticities are similar for thin isotropic and
anisotropic defect layers, the chromaticity of the structure
containing anisotropic defect layers becomes more concen-
trated around the white region for thick layers.

The introduction of isotropic defect layers in a cholesteric
system gives rise to multiple band gaps when the light po-
larization matches the helical distortion sign, as shown in
Fig. 2. For the incident light polarization and cholesteric he-
lix with opposite handedness, the reflection spectrum of the
multilayered structure with isotropic defects �Fig. 4�a�� ex-
hibits a behavior similar to that of an alternated sequence
containing only isotropic dielectric layers. Replacing the iso-
tropic defects in the multilayered arrangement with aniso-
tropic layers, a distinct behavior can be observed in the pho-
tonic properties of the system, as shown in Fig. 4�b�. Here,
we present the density plot of the reflection spectrum as a
function of the thickness d of the defect layers for the inci-
dent light polarization and cholesteric helix with opposite
handedness. For the S4 alternated sequence containing thin
anisotropic layers �d� P�, we notice that the band-gap pat-
tern �brighter areas� is quite similar to that of the structure

with isotropic defect layers. On the other hand, a multiple
band-gap structure emerges as the anisotropic layer thickness
increases, a feature not observed in the case of isotropic de-
fects. In fact, a large number of stop bands are observed in
the limit of d� P, with the band peaks presenting almost
identical amplitudes. This behavior is directly associated
with the reduction in the polarization sensitivity of the opti-
cal properties of multilayered systems.

The emergence of a multiple photonic band gap with the
enhancement of the anisotropic layer thickness is presented
in Fig. 5, considering the incident light with different polar-
izations. We also show the blue, green, and red color match-
ing functions used to compute the chromaticity diagram. For
an incident light polarization with the same handedness of
the cholesteric helix �solid line�, we notice that an approxi-
mate white chromaticity is obtained for d=1.04P �see Fig.
3�. In addition, we observe a significant reduction in the
reflectance, although the number of stop bands increases for

FIG. 3. �Color online� CIE 1931 chromaticity diagram of the S4

alternated sequence of cholesteric and defect layers: �a� Isotropic
and �b� anisotropic defects. The normal incident light presents a
circular polarity handedness coinciding with the helical distortion of
the ChCL director. The continuous line represents a guide to the
eyes for the trajectory of the reflected light chromaticity as the
thickness of the defect layer is varied from d=0 to d=2P in 0.06P
steps �filled circles�. The open circles correspond to �1� d=0, �2�
d=0.5P, and �3� d=1.04P. The inset shows a magnification near the
white region �x=y=0.33�.
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d=2.5P. This behavior contrasts to that of typical photonic
band-gap materials which present an enhancement in the re-
flectance with the sample thickness. On the other hand, the
reflectance increases with the thickness of the anisotropic
layer for an incident light polarization with the opposite
handedness of the cholesteric helix �dashed line�. Therefore,
the reflection spectrum presents a band-gap pattern with a
weak dependence on the optical polarization when the aniso-
tropic layers become thicker than the helical pitch. It is im-
portant to stress that all results were obtained for a fixed
optical pitch �P. In this case, the multilayered structure de-
velops reflection bands close to the RGB color matching
functions. By varying �P for a fixed defect layer thickness d,
the reflection bands shift, resulting in different chromaticities
of the reflected light.

The above results demonstrate that the introduction of an-
isotropic layers affects significantly the optical properties of
multilayered systems containing cholesteric liquid crystals.
In particular, the anisotropic layers promote a reduction in
the polarization sensitivity of the reflection spectrum, with a
simultaneous decrease in the stop band peaks. In fact, each
anisotropic layer behaves as a phase retarder which modifies
the polarization of the light propagating through it. More
specifically, the rotation of the light polarization takes place
due to the continuous variation in the relative phase between
the two optical eigenmodes in a birefringent medium. Such
an effect has been recently explored in the design of tunable-
electroluminescent devices and low-threshold lasers consti-
tuted by a cholesteric liquid crystal containing a single an-
isotropic defect �34–36�. However, long alternated sequences
present a rich phenomenology associated with multiple phase
retardation which can be reasonably employed in optical de-
vices based on their reflection properties, such as optical
switches and reflective color displays without the use of a
back light.

The rich phenomenology associated with multiple phase
retardation in S4 alternated sequences can be illustrated by
their reflection chromaticity for different light polarizations,
as shown in Fig. 6. For a light polarization with a handedness
opposite to the cholesteric helix, we notice that the chroma-
ticity presents a sequence of color shifts as the anisotropic
layer thickness increases �Fig. 6�b��, which occurs in a more
restricted region than that observed in Fig. 3. In particular,
we observe that the chromaticity describes a trajectory
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FIG. 4. �Color online� Density plot of the reflection spectra as a
function of defect layer thickness d, in units of the helical pitch P,
for circularly polarized light with handedness opposite to the ChLC
director helix: �a� Isotropic and �b� anisotropic defects. Notice that
the reflection peaks in the presence of anisotropic defects become
higher �brighter� as d increases reflecting the fact that the reflec-
tance becomes insensitive to the light polarization.
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FIG. 5. �Color online� Reflection spectrum of the S4 alternated
sequence with anisotropic defects for the incident light presenting
distinct polarization states: same handedness of ChLC �solid line�,
opposite handedness of ChLC �dashed line�, and unpolarized �dot-
ted line�. The color matching functions used to obtain the chroma-
ticity diagrams are also exhibited in the top panel, labeled R �red�,
G �green�, and B �blue�. As the anisotropic layer thickness in-
creases, a multiple band-gap structure emerges which weakly de-
pends on the incident light polarization.
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around the white region, which reflects the emergence of
multiple band gaps in the reflection spectrum as d is en-
hanced. Such a behavior contrasts to that observed in the S4
structure containing isotropic defects �Fig. 6�a�� for which
the color shifts are more pronounced and displaced from the
white region. For an unpolarized incident light, the reflection
chromaticity of the structure with anisotropic defects �Fig.
6�d�� exhibits a similar sequence of color shifts as observed
in Fig. 3 for d� P. In this case, the main contribution to the
chromaticity comes from the matching of circular polariza-
tion and cholesteric helix. On the order hand, the contribu-
tion from the reverse of circular polarization and cholesteric
helix becomes relevant as the anisotropic layer thickness be-
comes larger than the helical pitch. Consequently, the reflec-
tion chromaticity presents a distinct sequence of color shifts
in comparison to the one displayed in Fig. 3. The above

results open the possibility of designing reflective color dis-
plays from multilayered systems containing anisotropic and
cholesteric layers. The reflection chromaticity diagram for
the case of unpolarized incident light on a S4 structure with
isotropic defects is shown in Fig. 6�c� for completeness. Al-
though it is similar to the one obtained for anisotropic de-
fects, it results from quite distinct reflection spectra of the
two light polarization components.

IV. CONCLUSION

In conclusion, we studied a structure composed of a cho-
lesteric medium with the insertion of anisotropic defect lay-
ers, and analyzed the behavior of the reflection spectrum and
its associated reflection chromaticity diagram as the thick-
ness of defect layers is changed. For normal incident light
�polarized with the same and opposite handiness of the
ChLC, as well as unpolarized�, it was observed a shift of the
reflectance bands to high-wavelength regions and the cre-
ation of new bands as the thickness of the anisotropic layer d
increases. This feature can make the variation of d a good
parameter to shape the reflection spectrum in such a way to
obtain a threefold RGB reflection chromaticity. We con-
firmed this possibility by plotting the CIE chromaticity dia-
grams where, for intermediate values of d, a reflection chro-
maticity near the white region was obtained. It is worthy to
mention that in the fabrication of reflection displays it is
quite valuable to obtain reflective structures and filters whose
optical properties do not depend on the incident light polar-
ization. Recently, it was experimentally demonstrated that
the introduction of photopolymerizable monomers into a
cholesteric medium can generate regions with helicity inver-
sion after uv light curing �42,43�. Such a polymer-cholesteric
gel behaves as an infrared hyper-reflective network that is
almost independent on the light polarization. Our results in-
dicate that the insertion of anisotropic defect layers in the
ChLC matrices can be a good candidate to appease this need
in the visible range. It is also interesting to stress that aniso-
tropic media can still furnish other parameters, such as the
director orientation and dielectric anisotropy, which can fur-
ther contribute to the fine tuning of spectral characteristics of
this class of systems, thus opening the possibility to tailor
new multistructured optical devices.
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