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Simulating the Emission Properties
of Luminescent Dyes within One-Dimensional
Uniaxial Liquid Crystal Microcavities

LIEVEN PENNINCK,* PATRICK DE VISSCHERE,
JEROEN BEECKMAN, AND KRISTIAAN NEYTS

Ghent University Electronics and Information Systems Department,
Ghent, Belgium

We have developed a simulation method which is capable of simulating the emissive
properties of luminescent dyes inside uniaxial anistropic thin film microcavities[1]. The
method uses plane wave decomposition of the electric field of a dipole antenna in a
uniaxial medium and a scattering matrix formalism to account for interference and
reflection from the various interfaces in the device. We apply this method to simulate the
excitation of waveguide modes in a slab waveguide formed by reorientation of a liquid
crystal. We investigate the emission both outside the device and into waveguided modes
inside the liquid crystal device.

Keywords Plane waves; waveguides; thin films; fluorescence; liquid crystals

1. Introduction

In recent years many liquid crystal based optical devices have been reported outside of
their use in displays, such as: liquid crystal lasers [2], luminescent solar concentrators
[3], tunable waveguide devices [4], switchable/tunable filters [5], organic LEDs [6], single
photon sources with definite polarizations [7] ... Many other applications have been
demonstrated or suggested, a more complete overview can be found in a review paper [8].

With the growing number and increasing diversity of applications for liquid crystals,
there is a need for accurate simulation and design tools for such applications. In this article
we present a simulation method to calculate the radiation of an electrical dipole antenna
inside a thin anisotropic film or in a stack of uniaxially anisotropic layers and apply it to
the case of an emitting dye inside a liquid crystal cell with varying director profile.

Our method is based upon the decomposition of the dipole field into a superposition of
plane and evanescent waves. The radiation pattern of the dipole inside the layer structure
is modified by reflection, transmission and interferences of these waves by interfaces
inside the layer stack. Simulation of one-dimensional thin film stacks using plane wave
decomposition was pioneered by Lukosz [9] and has been applied in many fields [10] for
stacks containing only isotropic materials. The method we present here can simulate the
radiation of an electric dipole antenna inside a stack of one-dimensional anisotropic layers
with arbitrary orientation of the optical axes. Earlier methods are restricted to stacks of
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isotropic materials or to stacks of uniaxial anisotropic materials with specific orientations
of the optic axis [11]. Other methods such as the finite-difference-time-domain (FDTD)
method or rigorous coupled wave analysis (RCWA) can be used to model the radiation
from non-planar structures at the expense of more computation resources [12, 13].

In section 2 the plane wave decomposition of the dipole field in an infinite medium
and the alterations of the dipole field caused by layered stacks are described. In section
3 the method is applied to simulate the emission properties of a fluorescent dye inside a
liquid crystal waveguide formed by reorientation of the director. We summarize our results
in section 4.

2. Plane Wave Simulation Method for Anisotropic Thin Film Devices

2.1 Physical Background & Notations

We consider the problem of a radiating elementary electrical dipole inside a stack of uniaxial
anisotropic one-dimensional layers. The problem of a classical elementary electrical dipole
antenna is equivalent to the emission of photons by an ensemble of excited states decaying
through an electric dipole transition [14]. The coordinate system is chosen so that the x- and
y-axis are parallel to the layer stack and the z-axis is normal to the stack. The orientation of
the dipole moment p is defined by an inclination angle v (with respect to the z-axis) and an
azimuth angle ¢ in the xy-plane. We choose the origin of the xyz-system to coincide with
the location of the dipole. Each uniaxial medium i inside the layer stack is characterized by
the orientation of the optical axis ¢; (extra-ordinary polarization) and the two eigenvalues
of the dielectric tensor ¢, and g, where ¢, and g are the eigenvalues respectively in a
plane perpendicular (ordinary polarization) and parallel to ¢;. The orientation of ¢; is also
determined by an inclination angle «; and azimuth angleg;. A sketch of the coordinate
system and layer stack is presented in Fig. 1.

Any monochromatic electric field E can be written as a superposition of plane and
evanescent waves. The electric field of a single plane or evanescent wave is written as:

E = Epexp(jot — jkox — jkyy F jk;2) (D
A
z
i+2
i+1
o C
L ' [
i & : B
—>
i-1
i-2

Figure 1. Coordinate system and definition of inclination and azimuth angles.
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and there is a similar expression for the magnetic field H. w is the angular frequency of the
dipole antenna. Each plane or evanescent wave is characterized by its wave-vector k:

ky
k = ky :Kl,( +kzlz=kL1L+kch (2)
k.

Because of Snell’s law waves with given k, and k, only couple to waves with the same &,
and k, in the other media. This transverse part of k can be grouped to « = (k2 + k%)l/ 2,
In an anisotropic medium the value for k, depends on the medium and the polarization
of the plane wave. The wave-vector can also be written as a sum of a part perpendicular
k, and a part parallel k; to c. The amplitude of the wave-vector in medium i is given by

ki = 2mn; .o/ A the z-component can be found with k; ;/, = / ki2 — k2. A is the wavelength
of the light in vacuum and n; is the refractive index. For uniaxial anisotropic media there
is a different refractive index for the ordinary waves n;, and extra ordinary waves 7.
The value of n;, is the same for every direction in the medium but #n;, depends on the
direction of propagation. Throughout this paper the subscripts||, Land z are used to denote
components respectively parallel to ¢, perpendicular to ¢ and parallel to z.

A plane wave with k < k; travels in a certain direction, the inclination angle of prop-
agation is found with sin(6) = «/k; ./, the azimuth angle is found with fan(¢) = ky/ k.
When k > k;, k, is an imaginary number and the wave is an evanescent wave that decays
exponentially with z. In non-absorbing media no power is dissipated by evanescent waves.
No direction of propagation can be associated with evanescent waves since these only have
a non-zero field in a small area. Evanescent waves represent the near-field of the dipole.

2.2 Radiation of Elementary Dipoles in a Homogeneous Anisotropic Medium

The starting point of our simulation is the plane wave expansion of the electric field of a
dipole antenna in an infinite anisotropic medium [1]. The following expressions are found
for the ordinary and extra-ordinary polarized wave (for z > 0):

+00 +00
; 2

- pe’ - (ko X pL) .

EO = 87‘]2 / / dkxdkv |:kJ_ X k—2kl—+pJ_C] CXp[—](kx.X + kvy + kzqo’JrZ)]
1 Z,0,
—00 =0 (3)
oot _He
E, = —J f / dk.dk, <kp 3 ki (k. ~pL)) k. Ke ki
‘< 8m2 R k2 e1+Aec? Agcic.k
) J g 1€1 L - (kZ et T+ aﬁAsﬁ)
x exp[—j(kex + kyy + ke, 12)] 4)

and a similar expression for z<0. The field is decomposed in plane wave eigenmodes which
can be readily used in multilayer stack algorithms, as explained in section 2.3. Another
approach is to start from the formulas for the radiation of a dipole in vacuum and to
anisotropically transform the problem using the method of Clemmow [15]. The results
from both approaches are in agreement. For the field in (3), k; , + is independent of the
direction of ¢, this is called the ordinary polarization. For the field in (4), k. . + does depend
on the direction of ¢ and E. is called the extra-ordinary polarization. From the expression
of E, H can be determined using — jk x E¢/y = — jwuHe,, bearing in mind that the value
of k, depends on the polarization.
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The power flux through a plane with constant z radiated by a dipole is then found by
integrating the z-component of the Poynting vector S (unit W/m?) over that plane:

1
S, = iRe[E x H*], 5)

The * denotes complex conjugation. E and H in Eq. (5) are two separate double integrals
over dk, dk,. When integrating over a plane of constant z we can bring both E and H under
the same double integral. Because of orthogonality an extra factor 472 is needed in the new
integrand K:

+00 +00 +00 +00
/ f S.dxdy = / / 272 Re[E(ky, ky) x Hky, ky)*1.dk,dk,
A A
+00 +00
= / / K (ky. ky)dk,dk, (6)
A

The integrand K (unit W.m?) can be split in an ordinary K, and an extra ordinary part K.
K is calculated for the field in a plane with z > 0 (K*) or a plane with z < 0 (K™). The total
power radiated by a dipole F (in W) is:

+00 +-00
F = / / K+ K+ K, + K, dk,dk, @)
—00 —00
From Eq. (3) and (4) it is also possible to derive the unit vectors of the ordinary and
extra-ordinary eigenmodes of a uniaxial medium. The electric field of a mode is found by

multiplying the unit vector with a complex amplitude. Looking at Eq. (8) and (9) it is clear
that the ordinary field cannot have a component along ¢ but the extra-ordinary field can.

L kxc @)
7k x ¢
2
k _ kLSL
k
1. = o ©)
_ K
’kL K¢ ¢

2.3 Radiation of a Dipole Inside an Anisotropic Microcavity

The radiation pattern of a dipole antenna can be significantly altered by placing the dipole
inside an optical microcavity [16]. Interferences between reflections at the different layer
interfaces cause variations in the local density of states at the location of the dipole antenna.
As a result the angular emission pattern of the dipole is modified, this is also called the
Purcell effect. The lateral dimensions of the films are much larger than their thicknesses
and so the microcavities are in good approximation one-dimensional.

For an anisotropic microcavity a similar method can be applied to calculate the radiation
of a dipole in the cavity. The eigenmodes of anisotropic materials are two linearly polarized
waves, the ordinary (o) and the extraordinary (e) wave. The normalized fields of the

eigenmodes are given by Eq. (8) and (9). The complex amplitude E ;’o’g /o Of each mode in



Downloaded by [Siauliu University Library] at 00:30 17 February 2013

86/[326] L. Penninck et al.

an infinite medium is given by Eq. (3) and(4). The amplitude E_, , ,of modes travelling
in the —z direction is found with the corresponding expression for z < 0. The polarization
state of the light is determined by the complex amplitudes of the ordinary and extra-
ordinary waves and their difference in phase. One must be careful to simulate all changes in
polarization that occur during propagation and reflection or transmission in an anisotropic
cavity. In anisotropic media e- and o-waves are coupled when reflection or transmission at
an interface takes place and reflection matrices,which describe the coupling between the
two polarizations, should be used.

_Egavo_ ( e —1(_E+ T — [ E- _>
ol =(1-a ar) o | 4 A | Hooo (10)
_E;av,e_ E;_O,e_ _EOO,e_
_EE T ( _ —1<_E_ T =_E+ _>
cave | = (1-ATA") 0 | L AT | Hooo (1)
_ECave _EOO,E_ _E;LO,e_
The reflection matrices ﬁ are:
e Ai +
AF = [A‘f A;"} (12)

where A, is the amplitude reflection coefficient for an incoming wave with polarization /
into a reflected wave with polarization m, the reflection matrix takes into account both the
reflection at the interfaces and phase changes by propagation through the materials. For
isotropic layer stacks o- and e-waves are uncoupled (A., = A, = 0).

To calculate the reflection matrix we employ the scattering matrix method introduced
by Ko [17]. Other methods, such as the Berreman 4 x4 matrix method [18], can also be
applied but we have chosen the scattering matrix method because it is numerically more
stable when dealing with evanescent waves and total internal reflection.

The scattering matrix method calculates a 4x4 scattering matrix S;y that relates
incoming waves in layer i traveling upward [E, ; 1, E, ; +] and in the top layer N traveling
downward [E, x _, E. v —] with the outgoing waves in the top layer traveling upward
[Eo. v+, Ee nv.+] and in the layer i traveling downward [E, ; —, E.; _1. S;n is a block matrix
of four 2x2 matrices. A sketch of the input and output waves in the scattering matrix
method is shown in Fig. 2.

Eo,N,+ Eo,i,+
Ee,N,Jr — SiN,ll SiN,lZ Ee,i,+ (13)
Eo,i- Sin21 Sin22 Eon.-
Ee,i,— Ee,N,—

Once the matrix S;y is_determi_ned, the reflection matrix A+ and the transmission matrix
T+ can be identified. A* and T+ link the outgoing waves to E,; + and E, ; 4.

TH=S8in11; AT =Sinoi (14)
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Incoming: Outgoing:
Eefo,i.-& Eea'c,N.- Eem,';,-& Ee.’o,N.*
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\ / -

- AN -
S,

.__) ‘
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Figure 2. Sketch of the input-output relation of the scattering matrices. S;y is constructed by step

by step addition of layers to ;.

An analogous procedure is used to determine A- and T-. The fields emitted to the outside
layer (N or 0) E,,; can be calculated from E,,:

+ —_ +
I:Eoiut,ni| — Tj: [gci‘av,o} (15)

out,e Cav,e

Starting from E,,; the corresponding magnetic field Hout(—jK x Ee/o = — jouHey,) and
Poynting vector (Eq. (5)) is calculated. L o

The scattering matrix of an entire stack S;y can be built by starting from S;; which is
equal to the unity matrix and then adding extra layers step by step. Ko provides a formula

for calculating the scattering matrix S;;4 of a stack with an additional layer when S_,] and

the matrix I; are known [17]. I; relates the fields above the j+1/j interface to the fields
above the interface j/j-1.

Eoj+1.+ Eoj+
Eeji1+ =\ Eej+

gt | S| e 16
E,jt1.- " Eoj- (16)
Ee’j_)'_l,_ Eeyj,_

The relation between S_,j and S;;41 is:

%)

—1 =1\ ' —
B = (I.m — Sija2 1j21> Si,j11 17)

—1 =1\ ! | —
12 = <1j11 - Sij12 Ij21> (Si,j,lz Iin - Ij12) (18)

9]
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Input: j1
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Figure 3. Sketch of the input and output waves of the matrix I:, The phase propagation matrix fj

and the matrices B; and B, relating the waves in medium j to the waves in medium j+1.

=1

Sijr1.21 = Sij2 Ly Sijvi1 + Sijo (19)

Sij+1,22 = Sij2 321 Sij+1,12 + Sij2 I_j22 (20)

We construct f in the following way (a sketch is shown in figure 3). First the complex am-
plitudes of the input waves [E, ; 1, E. ; +, E, j —, E. j _] propagate from the j-1/j interface
to the j/j+1 interface, this causes a phase change proportional to the thickness of the layer

d;, expressed by the matrix D;:

21
0 0 0 keej—

At the interface j/j+1 all transverse fields have to be constant, this is expressed by the
following boundary conditions: E; ; = E; j11, Ey j = E, j41, Hyj = Hy jy1and H, ; =
H, ;1. From the complex amplitudes of the four eigenmodes in medium j+/ at the j/j+1
interface and the unit fields of the four eigenmodes (given by Eq. (8) and (9)), the field
components E,, E,, H, and H, at the j/j+/ interface can be calculated. The matrix that
links the amplitudes of the four eigenmodes in medium j+/ with the four field components

E., E,, H, and H, at the j/j+1 interface is written as B ;.

Ey Lorjsre et jrix lo—jsrx le—jtix Eojy1+
Ey | _ | Loty letjriy  lo—jiiy  le—jtiy Eej1+
H, Yu,+,j+1,x Ye,+,j+1,x Yo,—,j-H,x Ye,—,j+l,x EUJ'*‘L—
Hy Yo.+,j+1,y Ye,+,_i+l.y Yo,—,j-H,y Ye,—,j-&-l.y Ee,j+l,—
Eo,j+l,+
E, ;
— L+
=Br | (22)
0,j+1,—
Ee,jJrl,f

The matrix elements of the first two rows of B; | are the x- and y components of Eq.
(8) and (9). The corresponding magnetic field (per unit electric field) is found with
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Yeio =K x 1¢/0/(wpt) (unit 1/€2), the x- and y-component are the respective matrix el-
ements of the third and fourth row.

In summary (see figure 3), D_j relates the amplitudes of the eigenmodes in medium j
at the j-1/j interface to the amplitude of the eigenmodes in medium j at the j+1/j interface,

B; (or Bj) relates the amplitudes of the four eigenmodes to the four transverse field

components in medium j (or j+7/) and I:jrelates the amplitudes of the eigenmodes at the
Jj-1/j interface in medium j to the amplitudes of the eigenmodes at the j+1/j interface in
medium j+ /. The boundary condition at the j+1/j interface can then be expressed as:

E,;+ Eyjn E. ; Eoj+
BaL| ot =" =27 |=8D| " 23
j+1 ) Eo,j,f Hx,j+1 Hx,j J =i Eo,j,f (23)
E, - Hy jyi H, E. -

This equation has to hold for any input amplitudes [E, ; +, Ec j +, Eo j —, Ec,j,—1, so that:

= ==
I;=B;11 B;D; 24

With B:j, Bj;i and D:j given by Eq. (22) and (21), this equation allows to calculate f for
every layer. S;y is found with Eq. (17)-(20) after successively adding all layers. T+ and
A+ are identified with Eq. (14).

3. Fluorescence in a Liquid Crystal Slab Waveguide

It is possible to create waveguides in liquid crystals by local reorientation of the liquid
crystal molecules [19]. The variation can be made by thermal effects, optical reorientation
or applying an electric field. The simulation method described above can be used to calculate
the optical properties of waveguided modes inside slab waveguides in (or made of) liquid
crystals. The structure is treated as a stack of discrete slabs. No limitation is imposed on
the orientation of the liquid crystal inside the slabs. The advantage of this method is that it
can simulate any kind of thin film optical structure with little computational effort.

As an example we calculate the radiation pattern of a fluorescent dye (the emission
spectrum of 1% by weight of DCM in E7 was used) inside a one dimensional waveguide.
First we compare the emission into waveguided modes and to the outside of the waveguide
by different orientations of the transition dipole moment of the dye. Then we calculate the
effective refractive index and the spectral excitation of each mode.

The configuration we used is sketched figure 4. A 5 um thick layer of E7 is sandwiched
between two optically thick glass substrates. For simplicity we assume the alignment layers
have the same refractive as glass. The inclination angle of E7 is assumed to follow a Gaussian
profile around the center (z = 0) of the LC layer. The profile of the inclination angle becomes
o = 90° — 90° exp(—z?%/20°%). The full width at half maximum of this profile is determined
by o (FWHM = 2.3550), in this example we choose 0 = 500nm, FWHM = 1178 nm.
The Gaussian profile is built up as a stack of homogeneous 50 nm thick layers with the
inclination angle of each layer given by the Gaussian distribution for the middle of that
layer. A small absorption term 0.0001j is added to the refractive indices of E7 n, g7 and
n,, g7 so that waveguided modes have a non-zero width.

A plot of the power emitted (K vs. k/kg) into plane waves propagating in the xz-
plane is shown in figure 5 (for A = 606 nm, the maximum of the dye spectrum). In the
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Guided between ’ :O’ ’ 0 ’ }
cell edges Gujded by LC profile
L4444

Emitted outside LC

Figure 4. Sketch of the simulated configuration. A director profile in a planar aligned liquid crystal
cell creates a waveguide for light emitted by fluorescent molecules inside the liquid crystal.

region k / ko = Ngjass.-No, g7 Waveguided modes occur for both o- and e-polarization. These
are waves trapped in the entire LC-layer between the two glass substrates. For «/ky =
n, g7.-Ne g7 only e-polarized modes occur. These are waveguided by the refractive index
profile created by the varying orientation of the LC inside the cell.

Dipole antennas (solid curve) that are parallel to the rubbing direction radiate partly
to plane waves in the k / kg = 0...ng4s5 region. These plane waves are capable of escaping
the liquid crystal cell and sometimes called “leaky modes”. The other part is coupled to
waveguided modes. Dipoles (dashed curve) which are oriented perpendicular to the rubbing
(but still in plane with the substrate) only radiate to leaky modes. Perpendicular dipoles do
not couple to waveguided modes because there is no overlap between the dipole electric field

10 2 W Noer
—dipole || rubbing :/}
_3| = =—dipole L rubbing P
1071 —. - dipole vertical e ]
1) I
~ 107" ! l: ne,E?
£ 11
: Al
-15 v
10 B — N L]
S M
A 1
-2 . 1
-16 i a1
. o i
4 nglass “: J :I
s I} i)
0 0.5 1 15 2
K‘/ko

Figure 5. Power emitted K vs. in-plane wavevector «/ ko for different orientations of the transition
dipole moment.
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log(S )[W/nm/m?] i

Figure 6. Spectral excitation of the waveguided modes by the laser dye DCM.

and the electric field of the waveguided modes. Dipoles in the z-direction (perpendicular to
the substrate, dash-dotted curve) couple mainly to waveguided modes. It is interesting to
note that dipoles along the z-direction couple to different modes than dipoles perpendicular
to the rubbing. The z-dipoles couples to the even modes (Oth and 2nd order), whereas the
perpendicular dipole couples to odd modes (1st and 3d order). The effective refractive index
nesr = k/ ko of the Oth to 3d order mode is 1.7097, 1.6485, 1.5828 and 1.5342.

Figure 6 shows the coupling of an ensemble of randomly oriented dipoles (average
over all three dipole directions) to the waveguided modes of the LC slab waveguide for the
entire emission spectrum of the dye. This spectrum is simulated by weighing K+ (k,, ky, A)
(radiation into individual plane) with the normalized emission spectrum f So(A)dAr =1 of
the dye in bulk E7. In Fig. 6 it is seen that ne sy increases with decreasing wavelength. As
the wavelength decreases more modes are supported by the waveguide.

4. Conclusion

In this paper we presented a simulation method for light emission inside one dimensional
liquid crystal devices. The electric field of an elementary dipole inside an anisotropic layer
is written as a superposition of plane and evanescent waves. A scattering matrix formalism
for plane and evanescent waves is used to calculate the emission inside one-dimensional
microcavities. As an example we calculated the spectral excitation by a fluorescent dye of the
waveguided modes of a liquid crystal slab waveguide. The coupling between waveguided
modes and different orientations of the transition dipole moment was investigated.
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