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ABSTRACT

In this work we propose a genetic algorithm for the design of reflective filters consisting of organic materials. The algorithm
chooses the materials of the layers from the list of available materials and chooses their thickness in order to obtain optimal
reflectance characteristics. The wavelength dependence of the refractive index and the coefficient of extinction of the layers
is taken into account.
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1. INTRODUCTION

Organic light emitting diodes (OLEDs) are being intensively investigated in terms of efficient materials and device
structures for their great potential in the huge display market. In spite of the increasingly high internal quantum efficiency,
the OLED external quantum efficiency is significantly reduced by total internal reflection inside the device. The output light
outside the device can be increased via optical microcavity. With an OLED structure placed between two reflectors, the
emission wavelength, which is resonant with the cavity modes, is enhanced in the emission spectrum, while the others are
suppressed. Usually, one reflector is the top metal electrode (Al or Mg:Ag) while the other can be a thin metal layer, or a
dielectric stack.! In the latter case, the hole injecting contact, usually indium tin oxide (ITO), is placed inside the cavity,
which degrades its quality factor. In most cases, we prefer DBR mirror as the outlet of light because of its low absorption in
contrast with metal mirrors.

In this work, we present a method for the design of a reflector made of organic small molecule materials which can be used
to design an all-organic microcavity OLED. The method is based on a genetic algorithm. Genetic algorithms represent a
global optimization technique which mimic the concept of natural evolution, by applying the evolution operators (selection,
crossover, and mutation) to the set of possible solutions, called population. The population consists of vectors of variables,
which are in this case pairs of material code (which determines which material from the list will be chosen) and layer
thickness. The algorithm is highly versatile, and it enables design of asymmetric filter structures, which involve more than
two materials, as well as the conventional two-material reflectors. The list of available materials presently includes N,N’-
diphenyl-N,N’-bis(3-methyl-phenyl)-1,1’biphenil-4,4’diamine  (TPD), copper-phthalocyanine (CuPc) and N,N'-
dimethylperylene-3,4:9,10-dicarboximide. The list can be further extended with suitable organic materials, which do not
absorb in the spectral region of interest. The optical properties of all the materials considered have been described with a
modified Lorentz oscillator model, so that the wavelength dependence of both the refractive index and coefficient of
extinction is fully taken into account.

The reflectance characteristics of the reflectors, which are designed for the structure glass/ indium-tin oxide
(ITO)/reflector/TPD, is calculated by means of the genetic algorithm. In the structure ITO serves as a hole injecting contact,
and TPD is a hole transport layer. The reflectors have been designed to have peak reflectivity in the blue-green spectral
region. Tris-(8-hydroxyquinoline) aluminum (Alq3) represents the most commonly used luminescent material in OLEDs,
Alq; has emission maximum in green spectral region. The peak wavelength of the reflectance filter is chosen at low energy
side of Alq; emission spectrum due to unavailability of the index of refraction of organic materials transparent between
520nm and 560 nm.
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Due to generality of the design method, the design objective can be easily changed by manipulating the objective function
which is minimized by the genetic algorithm. In the design presented here, the reflectivity peak was chosen to be at 470 nm
or 490 nm, and the magnitude of the reflectivity peak has been determined from considerations of emission enhancement in
a rilicrocavity device. The enhancement of the emission intensity along the cavity axis at the resonance wavelength is given
by
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where R is the reflectivity of the top metal mirror, R, is the reflectivity of the bottom mirror, C is the antinode enhancement
factor, and 7.,,/7 is the ratio of exciton lifetimes in the cavity device and non-cavity device. The factor depending on the
reflectivities of the mirrors has a maximum in the region 0.8<R,<0.95 for R,;>0.8, whose exact position depends on the
reflectance of the top metal mirror. The desired magnitude of reflectance peak should be chosen in such a manner that we
obtain the maximum value of this factor for the defined reflectivity of the top metal mirror. We show that the reflectance
characteristics close to the desired one can be obtained using both asymmetrical filters which are not limited to the choice of
two materials, and more conventional two-material reflectors. Since all the layers in the reflector are organic
semiconductors, use of such a reflector in OLED would enable placing the ITO electrode outside the cavity, which can
significantly shorten the cavity length. Shorter cavity leads to a reduction in the angle and wavelength dependence of the
emission.! However, the true influence of such all-organic reflector to the carrier transport in OLEDs needs further
investigation.

, (1)

It is our main objective to demonstrate that the reflective filter consisting of organic layers can be designed to have a
suitable reflectance characteristic for application in microcavity OLEDs operating in blue-green spectral region. The paper
is organized as follows. In the following Section, we describe the genetic algorithm used in filter design. In Section III,
results and discussion are presented. Finally, conclusions are drawn.

2. DESCRIPTION OF THE ALGORITHM

Elite genetic algorithm with adaptive mutations (EGAAM)’ is adopted in our work. Genetic algorithms represent global
optimization technique which is based on the analogy with evolution. An illustration of a genetic algorithm is shown in Fig.
1. Genetic algorithm implementation requires defining the coding scheme, initial population generation, and selection,
crossover and mutation operators. Floating-point coding scheme®’ has been employed. Each layer is characterized with two
real numbers, namely alloy composition and layer thickness. In this coding scheme, each gene has the value of the
corresponding variable p(k), k&=1,n,, where n, is the number of variables. The number of variables differs for three design
procedures. In the design procedure c), composition and thickness of each layer are chosen independently, and the total
number of variables is equal 2xn;, where #, is the number of layers. In design procedure b), two materials are used while
layer thickness of each layer is determined independently, and the number of variables is n/+2 , for two layer compositions
and n, layer thickness parameters. In design procedure a), the algorithm chooses only alloy composition and layer thickness
for two layers, which are repeated designated times, so that the number of variables is 4 regardless of the number of layers.
Among the above procedures, design procedure a) is the closest to the conventional quarter-wave design. Use of genetic
algorithm enables us to find an optimal design within given constraints, which represents an advantage over the
conventional design. According to the following equation'” the values of variables in the initial population are generated in
all cases

p(k) = py () + (p,(K) = pi ()7, @
where r is a random number r € [0,1], and p,(k)and p,(k)are initially set lower and upper boundary, respectively.

Restricting the variables in the specified domain is achieved in the above method, which insures that variables have physical
meaning, i.e. that all the thickness values are positive and all the compositions 0<x<1.
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Fig. 1 Illustration of a genetic algorithm. Shade of gray indicates fitness: lighter shade, better fitness.
EGAAM makes use of elitist selection mechanism.”*?* In this mechanism, P; percent of the strings in the current
population goes into the next population without change, while P, percent of the strings in the new population are generated
by crossover between the parent strings. P; and P, are initially designated values. Parent strings to which crossover is
applied are chosen fitness proportionally. The probability of a string having offspring in the next generation is inversely
proportional to'’

NEPAQ)
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where £ (7) is the fitness value of i-th string.

By means of crossover, subsets of elements between two parent strings are exchanged. If the subsets consist of adjacent
elements, it is an “ordered combination” crossover, and in “uniform combination” crossover each element is randomly
selected.” EGAAM adopts “uniform combination” crossover, with a number of elements to be exchanged randomly
generated at each crossover operation.'” After the number of elements to be exchanged is generated (which is greater than
the specified minimal number of elements), random integers determining positions of elements to be exchanged are
generated and elements on those positions are exchanged.

In the process of mutation the population diversity is maintained, which prevents quick convergence to a local minimum. If
the mutation probability is too large, mutation no longer improves the performance of the algorithm, since it enables losses
of genetic information which can cause poor convergence.”* EGAAM applies adaptive mutation concept'’ to overcome the
phenomenon that real-coded GA can be blocked from further progress.”*® In adaptive mutation scheme, P,, percent of
completely new strings are introduced in every generation. The new strings are generated in the same way like that during
initial population generation, but a solution may exists within narrowed boundaries to provide that more strings are
generated in the area. The boundaries are narrowed according to equations'’

Prew-u(6) = Potg—u(k) = c(p g (k) = (k) @)
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where u(k)is the average value of parameter p(k) in the current population, and c is a specified positive number ¢<1. To

avoid excessive narrowing of the boundaries, lower boundary was limited to be less than maximal allowed lower boundary,
and upper boundary was limited to be greater than minimal allowed upper boundary.

The objective function plays the role of a measure of the quality of the obtained solution. To achieve the desired reflectance
dependence on the wavelength A, we assume the following objective function

F= {Zp: (R, -R;) exp[— (’12?%)2]} +A, (6)

i=1

where 7, is the number of points in which we calculate the reflectance R, R, is the desired reflectance, and A, is the
wavelength where peak reflectivity should be achieved. A is the penalty function, which is set to zero if the composition
difference constraints are satisfied, or set to a specified value 10 < 4 < 100 if the composition difference between adjacent
layers is larger than the required value. The desired reflectance is equal to 0.8 in the range [/10 - A, + F] where /"is the
half-width of reflectance peak, and equal to zero outside that range. The exponential factor in Eq. (5) provides enhancement
of the peak at A,.

We shall briefly present the theoretical background of transmission of electromagnetic wave through a series of layers with
the complex index of refraction N=n;-ik; and thickness d;, which are placed between the incident and substrate media with
the index of refraction values n, and N,. The equations are given for the case of perpendicular polarization only, since the
procedure for parallel polarization is completely analogous, Electric and magnetic fields of the incident (EjH;) and
transmitted (Ey, Hy) waves are related in a following manner”® for one dielectric layer

e )
Hl H]I

cos(koh) i —},—sin(koh)
iY;sin(kgh)  cos(kyh)

where

M= ®)

Time dependence of the electric field has the form exp (iw #), ky=2n/A is the wave number of the incident electromagnetic
wave, h=N,d-cosd, 0, is the angle of the electric field within the layer, and Y; is given by

Y, = Iﬁ-N,. cosd; . O]
Ho

In the case that there are L layers between the incident and substrate media, we can assign the matrix in the form of Eq. (7)
to each layer. The connection between electric and magnetic fields before (£, H;) and after (E;., H;+) the multilayer

structure is described by
E ul E my  m E
[;} IIm [ LH}:[ H IZH LH] 10)
I i=1 Hpy my my | [Hpy

Yo my + Yo Y omyy —my — Y -my,

Fresnel coefficients are then given with

1mn

b
Yo -my +Yy - Yy -mp +my + Y -my,
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(12)

where nyand N; are the index of refraction values of the incident and substrate medium, respectively, while Y, and Y; are the
corresponding admitance values defined in the same manner as the Y; in equation (8). Ratios of the intensities of the
transmitted and incident waves and the reflected and incident waves are described by the transmittance 7 = #'
Re(N; cos6,)/(ny.cosby) and reflectance R = rr", where r" and ¢* are the complex conjugated values of the Fresnel coefficients
r and ¢. In the structure air/sapphire/Al,Ga; N reflector/GaN, since we have an optically thick, transparent substrate, it is
necessary to introduce the correction for the reflection from the sapphire-air surface. The reflectance and transmittance at
sapphire-air surface in case of normal incidence are R=((n,-1)/ (ns+1))* and T,=4nJ(n+1)>. The corrected values for
reflectance and transmittance® are expressed as:

§=R+f2§ , (13)
— TT
s

where R'and T are reflectance and transmittance of the back side of a multi-layers.

3. RESULTS AND DISCUSSION

We have taken into account the dependence of the index of refraction on wavelength for all the materials which are taken
into account, including the glass substrate which is assumed to be non-absorbing with the refractive index dependency in the

form n=A+B/A*. The index of refraction data for copper-phthalocyanine and N,N'-dimethylperylene-3,4:9,10-
dicarboximide have been modeled using a modified oscillator model.'® The index of refraction of ITO was calculated using
the model given in Ref.'” The experimental data for TPD,” which is transparent in the region of interest, have been modeled
using the same expression as for the glass substrate.

Due to small differences in the refractive index of the organic materials considered, method a) does not produce good results
not even for very large number of layers. Therefore, we will show here the results of asymmetric designs, procedures b) and
c). Figure 2 shows the reflectivity of GA optimized filters using methods b) and c) for 30 and 40 layers. It can be observed
that the method c) obtains higher value of the reflectance peak compared to method b). This is to be expected due to greater
flexibility of the design method c). Figure 3 shows the calculated reflectivity of GA optimized organic Bragg reflectors
obtained by method c) for different number of layers. It can be observed that in all cases obtained reflectivity is below 80%.
This may still be sufficient for microcavity OLEDs applications. However, better results would be obtained if the index of
refraction data were avaialable for more organic materials which are transparent in the spectral region 400-600 nm. Doped
polymer layers may offer a solution to the problem of small refractive index differences and hence low reflectivity even for
a large number of layers. However, since evaporation usually offers better thickness control than spin-coating technique,
reflective filters consisting of evaporated dye layers may be preferrable.

Most of organic materials have very small refractive index differences in the transparent spectral region, which raises the
required number of layers needed to achieve higher reflectance. The conventional quarter-wave reflectors using two
dielectrics with high difference of refractive indices require significantly fewer number of layers. However, disadvantages
of using dielectric Bragg mirrors are: 1) ITO electrode must be placed inside the cavity thus increasing the effective cavity
length and reducing quality factor 2) ITO needs to be sputtered on top of the dielectric mirror, and ITO layer quality may
significantly differ from sample to sample since the sputtering of this material is very sensitive to a number of factors. If
organic Bragg reflectors are used, cavity may be shorter, commercial ITO coated glass substrates can be used, but the
fabrication of an asymmetric Bragg mirror consisting of large number of layers may prove to be difficult. Figure 4 shows
the reflectance of a filter design using method b) for dielectric materials for different number of layers. The index of
refraction of the considered dielectric materials (SiO, SiO,, and Si;N,) has been modeled using a model described in Ref?!
It can be observed that the height of the reflectance peak is larger for the reflector made of dielectric materials compared to
an all-organic reflector, as well as the half-width of the peak. This is due to larger difference in the refractive index of the
available materials. because of the reasons specified above, i.e. possibility of making shorter cavities and use of
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commercially available ITO coated glass substrates, organic reflectors may still be promising for improving the
performance of microcavity OLEDs.
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Fig. 2 Reflectance of filters for design type b) and c).
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Fig. 3 Reflectance of filters designed with method c) for different number of layers.
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Fig. 4 Reflectance of filters designed with method b) for dielectric materials.
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4. CONCLUSION

We have presented a genetic algorithm based method for the design of the reflective filters consisting of organic materials.
Such reflective filters may have potential use in microcavity based OLEDs. Since the layers are organic semiconductors, the
hole injecting anode (usually ITO) could be placed outside the cavity thus improving the quality factor. However, further
investigation is needed concerning the transport processes in such a device. Nevertheless, the described design method
represents a useful tool in filters design since it is highly versatile, i.e. it enables easy changes of design objective by simple
manipulations of the objective function, and the materials involved can be changed by using a list of different materials
from which layers are chosen based on the defined material code.
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