
Research Article Vol. 28, No. 19 / 14 September 2020 / Optics Express 27532

Multi-objective collaborative optimization
strategy for efficiency and chromaticity of
stratified OLEDs based on an optical simulation
method and sensitivity analysis
XIANHUA KE,1 HONGGANG GU,1,2 LINYA CHEN,1 XUENAN ZHAO,1

JIAOJIAO TIAN,1 YATING SHI,1 XIUGUO CHEN,1 CHUANWEI
ZHANG,1 HAO JIANG,1 AND SHIYUAN LIU1,3

1State Key Laboratory of Digital Manufacturing Equipment and Technology, Huazhong University of
Science and Technology, Wuhan, Hubei 430074, China
2hongganggu@hust.edu.cn
3shyliu@hust.edu.cn

Abstract: The low efficiency and dissatisfactory chromaticity remain as important challenges on
the road to the OLED commercialization. In this paper, we propose a multi-objective collaborative
optimization strategy to simultaneously improve the efficiency and ameliorate the chromaticity of
the stratified OLED devices. Based on the formulations derived for the current efficiency and the
chromaticity Commission International de L’Eclairage (CIE) of OLEDs, an optical sensitivity
model is presented to quantitatively analyze the influence of the layer thickness on the current
efficiency and the CIE. Subsequently, an evaluation function is defined to effectively balance the
current efficiency as well as the CIE, and a collaborative optimization strategy is further proposed
to simultaneously improve both of them. Simulations are comprehensively performed on a
typical top-emitting blue OLED to demonstrate the necessity and the effectivity of the proposed
strategy. The influences of the layer thickness incorporated in the blue OLED are ranked based on
the sensitivity analysis method, and by optimizing the relative sensitive layer thicknesses in the
optical views, a 16% improvement can be achieved for the current efficiency of the OLED with
desired CIE meantime. Hence, the proposed multi-objective collaborative optimization strategy
can be well applied to design high-performance OLED devices by improving the efficiency
without chromaticity quality degradation.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Organic light emitting diodes (OLEDs) currently have gained considerable attentions as one
of the emerging displays and solid-state lighting technologies [1–3]. One of the key issues
for high-quality OLED devices is to improve the optical characteristics of micro-cavity OLED
[4–7]. Various output optical emission characteristics, including efficiency and chromaticity,
are determined by the micro-cavity effect, which is resulted by the optical interference within
stratified layers and can be tuned by changing the layer thicknesses in OLEDs [8–10]. Optical
modeling of stratified OLED devices, as one way to alleviate the repeated trial cost, has played
an important role in designing the OLED layer structures by optimizing the micro-cavity effect
[11–14].
Due to the total internal reflection between the layer interfaces, lights generated from the

emitting materials will be coupled into different optical modes, such as air emission mode,
substrate mode, waveguide mode, and surface plasmon polariton mode [15–17]. In order to
enhance the moderate efficiency of the OLED, various techniques, including layer thickness
tuning techniques [18–21], periodicity patterns [22–24] and photonic crystals [25–28], have been
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widely employed to extract light trapped in the micro-cavity structures. Significant achievements
have been made in the efficiency enhancement of stratified OLED. However, in addition to the
moderate efficiency, the dissatisfactory chromaticity remains as another major challenge on the
commercialization road of OLEDs [3,29]. The studies mentioned are almost emphasis on the
efficiency enhancement, while so far pay less attention on the chromaticity amelioration of the
OLEDs. Thus, it is highly desirable for methodologies to simultaneously improve the efficiency
as well as the chromaticity of stratified OLED devices.

The working principle of OLEDs can be briefly described as follows: the injected hole-electron
pair formed in the emitting layer radiates in the stratified layer system. From the optical point of
view, the emissive performances of the stratified OLEDs, including the efficiency and chromaticity,
are greatly dependent on the optical properties of the emitter and the micro-cavity structures.
Thus, investigating proper emitters or host materials [30–33], and tuning the micro-cavity effect
can be conducive to improve the emissive performances [14,34]. Whereas to the best of our
knowledge, it is rarely reported to simultaneously analyze and optimize the efficiency as well as
chromaticity by tuning the micro-cavity effect of OLED.

In this work, we propose a multi-objective collaborative optimization strategy for the stratified
OLEDs to simultaneously improve the efficiency and the chromaticity. Considering that the
anisotropic materials are widely used in the OLED structure [35–37], optical formulations
are firstly derived for the current efficiency and the chromaticity Commission International de
L’Eclairage (CIE) coordinates of stratified anisotropic OLED devices. Then sensitivity model
is presented to evaluate the influence of the layer thickness on current efficiency and CIE of
OLED. Finally, by changing the layer thicknesses to tune the micro-cavity effect, a collaborative
optimization strategy is proposed to improve the current efficiency of the OLED device but
without chromaticity quality degradation meantime.

2. Theory

2.1. Optical formulations for stratified anisotropic OLEDs

Various output emission characteristics, such as current efficiency and CIE, are affected by the
micro-cavity effect, which can be well tuned by changing the OLED layer thickness. In order to
obtain high-performance OLED devices, optical formulations for the influence of the micro-cavity
on the emission characteristics are a prerequisite to successfully optimize the efficiency and
chromaticity.
The underlying principle of light generation mechanism in OLEDs can be described as the

radiative decay of molecular excited states, namely excitons. According to the well-known Chance,
Prock, and Sibley (CPS) theory [38–40], the exciton decay emission described in quantum-
mechanical approach is equivalent to the radiation of an electric dipole antenna expressed in
classical electromagnetic approach. Therefore, the exciton emission in OLED device can be
simplified as the dipole radiation in a microcavity, as shown in Fig. 1.
The optical properties of the l-th film layer can be characterized by the thickness dl and the

dielectric tensor εl of the material. The subscript ‘s’ in Fig. 1 denotes the layer index of the
dipole layer in the stratified OLED device. The dielectric tensor ε of the layer material with
optical anisotropy properties can be described by two dielectric eigenvalues: εh and εv. These
eigenvalues are related to the optical constants (i.e., the refractive indices n and the extinction
coefficients k), and they can be given by

εh = (no + jko)2, (1a)

εv = (ne + jke)2, (1b)
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Fig. 1. Simplified formulation model for the stratified anisotropic OLED structure with
dipole in the s-th layer (dipole layer). Each layer is characterized by thickness d and dielectric
tensor ε.

where j is the imaginary unit, subscripts ‘h’ and ‘v’ indicate the directions parallel to and
perpendicular to the interface respectively, no and ko correspond to ordinary optical constants
while ne and ke correspond to extraordinary optical constants.

According to Purcell effect [17,41,42], the spontaneous decay rate of the dipole as well as the
radiation power could be modified by the optical environment, as described by

F =
Γ∗r
Γr

=
P
P0

. (2)

Here, Γr is the intrinsic radiative decay rate of the excited state while Γ*r is the real radiative
decay rate which modified by the optical environment. F is the Purcell factor, P and P0 are
the total emissive power of an oscillating electric dipole in the OLED structures and in infinite
emitting materials respectively. The optical power P radiated by dipole within the multilayer
systems can be calculated using the superposition of plane and evanescent waves method [43–45].
Therefore, the Purcell factor of the dipole antenna in the microcavity structures can be written as
an integral

F =
∫ ∞

0
K(u)du =

∫ ∞

0
[Θ · KTM,v

s + (1 −Θ) · (KTE,h
s + KTM,h

s )]du, (3)

where u is the normalized in-plane wavevector, subscripts ‘h’ and ‘v’ denote the special cases
that the orientated dipole is parallel and perpendicular to the interface, namely the horizontal
oriented dipole and the vertical oriented dipole, respectively. The orientation parameters Θ here
describes the proportion of the vertical orientated dipole. The superscript ‘TM’ and ‘TE’ indicate
the transverse magnetic wave and the transverse electric wave, respectively. K(u) is the power
dissipation function depending on the in-plane wavevector u, and can be detailed as [43]

KTM,v
s =

3
4
Re

[
u3

√
1 − u2

(A′s − As)(As + A′s)∗
]
, (4a)

KTE,v
s = 0 (4b)

KTE,h
s =

1
2

( 3√εs,h

3εs,h + εs,v

)
Re

[
u√εs,v√

εs,h/εs,v − u2
(Cs + C′s)(C′s − Cs)

∗

]
, (4c)

KTM,h
s =

1
2
Re

[
3uεs,v

√
1 − u2

3εs,h + εs,v
(B′s − Bs)(Bs + B′s)∗

]
. (4d)

Here, the symbol Re[·] indicates the real part, the coefficients A′s, B′s, C′s and As, Bs, Cs
correspond to the forward and backward traveling waves in the dipole layer respectively, and εs,h
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and εs,v are the dielectric eigenvalues of the dipole layer material. Similarity, the power Pout
emitting into the air and the corresponding Fout can be written as

Pout
P0

= Fout =

∫ k0/ks

0
Kout(u)du =

∫ k0/ks

0
[Θ · KTM,z

out + (1 −Θ) · (KTE,x
out + KTM,x

out )]du. (5)

Here, k0 and ks are the amplitude of the wavevector in the air and in dipole layer respectively.
Kout is the power density per unit du in the outmost layer (usually denotes the air layer).

In real OLED devices within the electroluminescence process considered, the emissive excitons
can be treated as an ensemble of incoherent dipole radiators. Therefore, the output emissive
spectrum of the stratified OLED structures can be easily obtained by an incoherent superposition
of all contributions as [46]

Pout(λ) = (Iinj/e) · γ · ηS/T · qeff · S(λ)
∫

z
g(z)

Fout
F

dz. (6)

Here, λ is the wavelength, S(λ) is the internal electroluminescence spectrum of the emitting
material, Iinj denotes the current injected into the OLED device and e denotes the elementary
charge, γ is the probability of charge carrier recombination and subsequent exciton formation,
ηS/T is the singlet/triplet factor describing the allowed excited states according to the spin statistics.
Since charge carriers are usually homogeneously distributed in the plane of the layered system
interfaces, the spatial distribution of excitons in the OLED active layer can be simplified to a
one-dimensional emission zone function g(z), which depends solely on the z. The effective
radiative quantum efficiency qeff is derived from the intrinsic radiative quantum efficiency q and
can be defined as

qeff =
Γ∗r
Γ∗r+Γnr

=
FΓr

FΓr + Γnr
=

q
1 − q + qF

. (7)

Based on the emissive spectrum formulation defined in Eq. (6), the current efficiency ηCE of
the OLED can be calculated as

ηCE = 683
1

Iinj

∫ 780

380
Pout(λ)Y(λ)dλ, (8)

where Y(λ) is the standardized photopic luminosity function which represents the response of a
typical human eye under bright conditions [47]. Based on the output emissive spectrum, The
chromaticity CIE 1931 coordinates [48] can also be easily calculated with respect to the CIE
standard observers xi as following

Xi =

∫ 780
380 Pout(λ)xi(λ)dλ

3∑
i=1

∫ 780
380 Pout(λ)xi(λ)dλ

. (9)

Here the xi is the i-th color matching function for CIE 1931 color space, which indicates the
color of OLED display or light source. Equations (8) and (9) are the derived formulations for the
current efficiency and the CIE coordinates of OLED structures. Thereby, based on the proposed
formulations, optical analysis and optimization can be performed on the current efficiency as
well as the CIE coordinates.

2.2. Optical sensitivity model for stratified OLEDs

The systematic analysis for the influence of the layer thickness on the current efficiency and
CIE can be conductive to improve these performances of the OLED devices. Hence, an optical
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sensitivity model is presented here to comprehensively analyze the effects of the OLED layer
thickness.

Based on the formulations derived for stratified OLED devices, the current efficiency and the
CIE coordination can be further re-formulated as

ηCE(d) = ηCE(Θ, g(z), q,d, ε), (10a)

Xi(d) = Xi(Θ, g(z), q,d, ε). (10b)

Herein, the dipole orientation Θ, dipole distribution g(z) and intrinsic quantum efficiency q are
relative to the emitter properties, while the layer thickness d and the dielectric tensor ε are relative
to the micro-cavity properties of the OLED layer system. Since in the optimization process of
certain OLED devices by tuning the micro-cavity effect, the parameters Θ, g(z), q and ε are
usually assumed to be constants, then the mentioned formulations of OLED can be simplified as
an optical model depending solely on the layer thicknesses d.
In the optical model of the stratified OLED devices, the input is the layer thickness, and

the outputs are the OLED emission characteristics, including the current efficiency and the
CIE. Sensitivity analysis allows the identification of the input parameters that have the greatest
influence on the model output, it consequently provides useful insight into which input parameters
(i.e. the layer thickness) contributes most to the variability of the model output (i.e. the current
efficiency and CIE of the OLED devices). In general, there are two types of sensitivity analysis:
local and global [49]. The local sensitivity analysis evaluates changes in the current efficiency as
well as CIE with respect to variations in thickness of a single layer. While in a global sensitivity
analysis, all the layer thicknesses are varied simultaneously over the entire feasible domain, thus
allows to evaluate the relative effect of each individual layer thickness as well as the interactions
between different layer thicknesses.
In order to facilitate sensitivity analysis, the optical model can be linearly transformed to be

relative quantities as following

y1(d) =
ηCE(d) − ηCE(d0)

ηCE(d0)
, (11)

y2(d) =
Xi(d) − Xi,0

Xi,0
, (12)

where d0 is a thickness vector corresponding to the original OLED micro-cavity structure, Xi,0 is
the i-th desired CIE coordinate. Then the local sensitivity index Li which describes the effect of
the OLED layer thickness can be defined as

Li = [y(d1, d2, · · · ,di−1, di + δdi, di+1, dN) − y(d)]/δdi. (13)

Here, the δdi is the variations of the i-th layer thickness di, and thickness of the other layers would
remain unchanged. Based on the Morris method [50], the global sensitivity can be approximated
by averaging the local sensitivity indices at multiple random structures within the layer thickness
domain. Therefore, the global sensitivity index µi of the i-th layer can be obtained as

µi =

r∑
j=1

Li,j

r
, (14)

where, the Li,j is the calculated j-th local sensitivity index for the i-th layer thickness. r is the
number of the samples for different random OLED structures.
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2.3. Multi-objective optimization strategy for stratified OLEDs

To balance the efficiency and the chromaticity of stratified OLED devices, a collaborative
optimization strategy is proposed here to simultaneously improve the current efficiency and the
CIE coordinates. The optimal problem can be firstly re-formulated as

d∗ = arg max
d∈Ω

ηCE(d)

s.t. Xi(d) ∈ ∆i.
(15)

Herein, d* is the optimal thickness corresponding to high-performance OLED devices. Ω and
∆i respectively denote the acceptable domain for layer thickness and CIE Xi coordinate. The
Lagrange multiplier method and penalty function method are usually applied to deal with this
optimal problem with inequality constraints [51]. The kernel of the mentioned methods is to turn
the constrained optimization problem into an unconstrained optimization problem, however, it is
often difficult to determine the multipliers in the Lagrange method and the weighting factors in
the penalty function. To avoid this limitation, a single-valued function f (d) is proposed here to
remove constraints to be an unconstrained form as

d∗ = arg max
d∈Ω

f (d) , (16)

where the evaluation function f (d) describes the overall performance, including the current
efficiency and the CIE, of the OLED devices at the design stage. Naturally, the evaluation function
f (d) can be defined as a product of two functions which correspond to the current efficiency and
the CIE coordinates respectively. The formulation can be written as [52]

f (d) = f1(d) · f2(d), (17)

where the functions f 1(d) and f 2(d) are defined as

f1(d) =
ηCE(d)
ηCE(d0)

, (18a)

f2(d) =
2∏

i=1
exp

(
−

Xi(d) − Xi,0

δ∆i

) . (18b)

Herein, the symbol | |·| | denotes the second norm, the symbol Π denotes the multiplication
operator, and δ∆i is the acceptable deviation domain for the i-th CIE coordinate. Function f 1(d)
obviously describes the ηCE enhancement ratios of the OLED structure with layer thickness
d to the original OLED structure with layer thickness d0. While function f 2(d) expresses the
punishment factor caused by relative deviation of the desired CIE coordinates. Therefore, the
constrained formulation in Eq. (15) to simultaneously improve both the current efficiency and the
CIE is turned into an unconstrained optimization problem, which can be easily solved by the
common iterative algorithm, such as Newton method and conjugate gradient method [51].
In order to better illustrate the effect of the function f 2(d), an example curve of f 2 is given

in Fig. 2. In this situation, the desired CIE coordinate X2 is assumed as X2,0 = 0.055, and its
acceptable deviation scope is set as δ∆2 = 0.004 with the acceptable domain ∆2 = [0.053, 0.057].
The function is f 2= 0.6 at the boundary, namely X2 = 0.053 and X2 = 0.057, of the domain, and
reach the peak f 2= 1 at X2 =X2,0 = 0.055. It can be easily observed that this function can well be
applied to limit the CIE coordinate X2 within the acceptable domain ∆2.



Research Article Vol. 28, No. 19 / 14 September 2020 / Optics Express 27538

Fig. 2. An example curve of the function f 2 to constrain the CIE.

3. Results

The OLED devices based on red and green phosphorescent iridium complexes are recently
successfully commercialized, while those blue ones still suffer the relatively low current efficiency
and the dissatisfactory CIE coordinates. Therefore, here we will focus on the blue OLED devices
in the following optical analysis and optimization.

A typical top-emitting blue OLED device and corresponding intrinsic emitter spectrum of the
emitting material are shown in Fig. 3. The OLED structure can be described as: Capping layer
(CPL, 85 nm) /Cathode (13 nm)/ Electron transport layer (ETL, 30 nm)/ Hole block layer (HBL,
5 nm)/ Emitting layer (EML, 20 nm)/ Hole injection layer (Functional layer for blue emitting
layer, FLB (5 nm) /Hole transport layer (HTL, 125 nm) /Hole injection layer (HIL, 10 nm) /
Anode (Indium Tin Oxide, ITO, 15 nm) /Ag (140 nm). The EML layer is the emitting (dipole)
layer, and the radiative dipoles are all assumed to be located at 2 nm away from the FLB layer
interface, namely g(z)= δ(0.9) in Eq. (6). The current Iinj applied to the OLED device is 10
mA/cm2, while parameters γ and ηS/T in Eq. (6) are assumed to be 1 and 0.25 respectively. The
intrinsic quantum radiation efficiency q of the emitting material is 0.75, and the dipoles are
random orientated, namely Θ = 1/3. The peak wavelength of the intrinsic emitter spectrum is
at 460 nm with half peak width corresponding to 40 nm. It should be noted that the optical
simulations are all performed by the custom-made MATLAB codes. And it is also worth to
pointing out that for this top-emitting blue OLED device, the CIE 1931 y coordinate denoted
by X2 usually attract more attentions than the others, and the desired value is assumed to be
X2,0 = 0.055, with the acceptable domain ∆2 = [0.053, 0.057]. Hence based on the demand of
this top-emitting blue OLED, the requirement is to achieve the highest possible current efficiency
ηCE and keep the CIE 1931 y coordinate (X2) at the desired value meantime.

The optical constants including the refractive indices n and extinction coefficient k for materials
incorporated in the OLED can be determined by a spectroscopic ellipsometer (ME-L, Wuhan
Eoptics Technology Co.) [53,54]. The detailed spectroscopic information is obtained separately
for each film layer, which is prepared on a substrate by the same process as the device multilayer
sequence. The optical constants of the anisotropic layer, the metal layer and the organic layers are
respectively shown in Figs. 4 (a)−(c) in the visible band. The precision of the optical constant (n
& k) is sample dependent, generally, the derivation of the optical constant is about 0.005. From
Fig. 4(a) we found that the refractive index of the CPL material shows strong negative optical
anisotropy. Based on the optical micro-cavity properties of the top-emitting blue OLED and the
derived formulations in Eqs. (8) and (9), the current efficiency ηCE and CIE 1931 coordinate X2
can be calculated and investigated. Then we can easily perform optical analysis and optimization
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Fig. 3. (a). Structures of a top-emitting blue OLED. The distribution of the dipoles is
assumed to be g(z)= δ(0.9), which means that all dipoles are located in the EML layer with
2 nm away from the FLB layer interface; (b) Intrinsic luminescence spectrum of the emitting
material with a peak wavelength 460 nm and 40 nm half peak width.

on these OLED output emissive characteristics through micro-cavity tuning by changing the
multilayer thicknesses.

Fig. 4. Optical constants of the materials incorporated in the OLED in the visible band: (a)
anisotropic layer CPL; (b) metal layers; (c) organic layers. It can be observed that the CPL
layer shows strong negative optical anisotropic since no > ne.

The systematic analysis of the influence of the layer thickness on the current efficiency and
CIE can be conductive to design high-performance OLED devices. The local sensitivity analysis
of the current efficiency ηCE and CIE X2 are investigated and shown in Fig. 5. During the local
sensitivity analysis of a single layer incorporated in the OLED structure, the thicknesses of
the other layers are kept as the same as shown in Fig. 3(a). The results using our model are
denoted by solid lines, while the results using the commercial software SETFOS [55] are denoted
by open circles as a comparison. The high agreement between the results of our model and
SETFOS verify the correctness of our proposed formulations. From Fig. 5(a) we found that the
ηCE can reach the peak at the layer thickness near 50 or 150 nm, however, it can be obviously
observed from Fig. 5(b) that the CIE X2 is dissatisfactory for the blue OLED at these thickness
configurations. These results indicate that under the design configuration with layer thicknesses
corresponding to the optimal ηCE, the CIE X2 is most likely not satisfactory, namely the efficiency
and the desired chromaticity coordinates are in contradiction with each other in some sense.
Therefore, in the practical design of a high-performance OLED structure, we need to balance the
efficiency and the chromaticity.
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Fig. 5. Performance curves of the top-emitting blue OLED device versus the layer
thicknesses: (a) current efficiency ηCE vs thickness; (b) CIE X2 vs thickness. Results by our
model denoted by solid lines are compared with results by the commercial software Fluxim
SETFOS denoted by open circles.

The main limitation of the local sensitivity analysis is that it evaluates the current efficiency
and CIE with respect to variation in only one layer thickness at a time, hence it does not allow for
the evaluation of simultaneous changes in all the layer thickness of OLED devices. Therefore,
the global sensitivity analysis should be applied to carry the interaction between different layer
thicknesses, and further evaluate the influence of the OLED layer thickness on the mentioned
characteristics.
Given that the layer thickness can span a wide range for the OLED optical model, global

sensitivity analysis is an innovative approach for determining which one layer contribute most
to the optical behavior of the OLED system. Based on the sensitivity model proposed, global
sensitivity analysis is performed for the thickness of all layers incorporated in the blue OLED
stack, and the normalized results of layer thickness within Ω are shown in Fig. 6. As stated
in Eq. (15), the parameter Ω denotes that all the layer thicknesses are changed within domain
Ω. From Fig. 5 we can find that the ηCE almost can reach its first peak at layer thicknesses
within 50 nm, hence results of layer thickness within Ω= [0, 50] are shown in Fig. 6(a). In
addition, sometimes only minor variations of the layer structure are expected during the design
process, as a consequence, results of layer thickness within Ω= [d0−5, d0+5] are also shown
in Fig. 6(b). The label of the x-axis in the figure corresponds to the layer indices, i.e. L1−L10
denote the layer Ag, ITO, HIL, HTL, FLB, EML, HBL, ETL, Cathode, and CPL. The layer Ag
is not analyzed here because this film is usually very thick. It can be obviously observed from
Fig. 6 that, compared with the current efficiency and CIE of the OLED, the proposed evaluation
function f (d) can well distinguish the influence of the layer thickness, and meanwhile balance
both the current efficiency and CIE. Besides, we can find from Fig. 6 that function f (d) is more
sensitive to the thicknesses of the L2 (ITO), L3 (HIL), L5 (FLB), L9 (Cathode) layer. Therefore,
in this work, the optical optimization will be focused on these concerned layers to improve the
performances of the top-emitting blue OLED.
The independent influences of the concerned OLED layer thicknesses on the evaluation

function f (d) are elaborated in Fig. 7. Sharp peaks can be obviously observed in these curves, and
the layer thickness configurations corresponding to these peaks indicate excellent CIE coordinate
X2. These designed structure configurations and the relevant optical performances are all shown
in cases C1 to C4 as listed in Table 1. The cases C1 to C4 correspond to the peak thickness
dITO = 17 nm, dHIL = 13 nm, dFLB = 7 nm and dCathode = 7 nm, respectively. For comparison, the
performances of the original OLED structure shown in Fig. 3 are also listed as case C0 in Table 1.
The results show that significant amelioration has been achieved for the CIE coordinate.



Research Article Vol. 28, No. 19 / 14 September 2020 / Optics Express 27541

Fig. 6. Global sensitivity analysis results of the layer incorporated in the blue OLED stack:
(a) layer thicknesses are within Ω= [0, 50]; (b) layer thicknesses are within Ω= [d0−5,
d0+5].

Fig. 7. Simulation results of objective function vs concerned layer thickness independently.

Table 1. Analysis results of the independent layer

Cases
Layer thickness [nm] Performance

ITO HIL FLB Cathode ηCE [cd/A] X2

C0 15 10 5 13 4.43 0.046

C1 17 10 5 13 4.96 0.053

C2 15 13 5 13 5.11 0.054

C3 15 10 7 13 4.93 0.053

C4 15 10 5 7 4.43 0.054
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In order to obtain more improvement on the current efficiency and CIE of the blue OLED,
optimization is further performed by combining with all the concerned layer thickness within
Ω= [0, 50]. Based on the definition of the evaluation function f (d), the amplitude of the function
f 2(d) in the f (d) will not exceed one, hence ∆f = f (d)− 1 indicates at least an improvement
of ∆f in the ηCE with expected CIE X2. In practical design of OLED, the target evaluation
function value is determined by the expected improvement of the OLED device, i.e., f (d)= 1+∆f.
Results of the simultaneous optimization of all the four concerned layers are shown in Fig. 8, and
the discrete points in the figure indicate that f (d) > 1.14 can be achieved under the thickness
configurations. In order to accomplish this target, i.e. ∆f = 14% improvement of the ηCE with
desired CIE X2=X2,0 = 0.055, we can find from the Fig. 8(a) that, the thicknesses of layer ITO
and HTL need to be designed to be negatively correlated. In addition, from Fig. 8(b), Fig. 8(d)
and Fig. 8(f) we can find that, the thickness of layer FLB should be less than 10 nm, and from
Fig. 8(c), Fig. 8(e), Fig. 8(f) that, the cathode layer should be within the range between 10 nm
and 20 nm.

Fig. 8. Optimization results of the layer thicknesses for target ∆f = 14% of the blue OLED.

Some outstanding design layer configurations with large evaluation function values are listed
as cases C5 to C7 in Table 2. The parameter ∆f is also displayed in Table 2 since it could
obviously describe the enhanced ratio of the current efficiency ηCE. It can be clearly observed
from Table 2 that, for all the cases C5 to C7, the current efficiency is significantly improved by
at least a 16% and meanwhile the CIE coordinate is well ameliorated for the top-emitting blue
OLED device. The spectrums of the original and optimal OLED structures are shown in Fig. 9,
herein, the curves of these optimal results from the cases C5 to C7 are completely coincide. Since
the goal of the proposed optimization strategy is to simultaneously improve the current efficiency
and the CIE of the OLED, layer thicknesses are optimized to tune the microcavity structure to
achieve the goal. Compared with the emission spectrum of the initial structure, the spectrum of
the optimized device shows an obvious red shift and peak improvement in Fig. 9. The red shift
deduced by microcavity effect appears in the spectrum to tune the CIE from X2 = 0.046 to the
desired value X2 = 0.055, while the improvement in the peak intensity is to improve the current
efficiency. Besides, the results obtained from our model (denoted by solid lines), is compared
with the results obtained from SETFOS (denoted by open circles). The high agreement between
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the results of our model and SETFOS further verify the correctness of our proposed formulations.
Therefore, the proposed evaluation function and the optimization strategy can be well employed
to simultaneously improve the efficiency and the chromaticity of OLED devices.

Fig. 9. Spectrum of the original and optimal OLED structure. Results by our model denoted
by solid lines are compared with results by the software SETFOS denoted by open circles

Table 2. Collaborative optimization results of the top emitting blue OLED.

Cases
Layer thickness [nm] Performance

ITO HIL FLB Cathode ηCE [cd/A] X2 ∆f

C5 3 30 3 19 5.160 0.055 16.3%

C6 5 24 6 17 5.152 0.055 16.3%

C7 15 17 2 16 5.176 0.055 16.8%

It is worth noting that, since the proposed optimization strategy is based on tuning the
micro-cavity effect by changing the layer thicknesses, the performance improvement of the
OLED devices, including the current efficiency and the CIE coordination, usually depends on
the initial layer structure and the strength of the microcavity effect. Generally, compared with
the bottom-emitting structure, the top-emitting OLEDs (e.g. the OLED device simulated here)
contain high reflectively bimetal electrodes, and thus show stronger Purcell effect. Therefore, the
effect of the proposed optimization strategy is usually more obvious for top-emitting than the
bottom-emitting OLEDs.

4. Conclusion

In this paper, we proposed a multi-objective collaborative optimization strategy for stratified
OLED to improve the efficiency and ameliorate the chromaticity. Firstly, a sensitivity model
based on Morris method is presented to evaluate the influence of the layer thickness on the
current efficiency and the CIE coordinates of the stratified OLED devices. Subsequently, a
collaborative optimization strategy, by defining a comprehensive function to balance multiple
objects, is reported for the current efficiency improvement and the CIE amelioration. Based on
the proposed strategy, we analyzed and optimized the performances of a typical top-emitting
blue anisotropic OLED device. We found that the current efficiency and the CIE are likely
in contradiction with each other, which highlights the necessity of some tradeoff between the
efficiency and the chromaticity in the practical design of OLED structures. Besides, based on the
results of the sensitivity analysis, we optimized the thickness of the layers with higher sensitivity
to obtain a high-performance blue OLED of a 16% improvement for the current efficiency without
CIE degradation. Overall, the proposed collaborative optimization strategy has great potential
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and advantages in the practical design of high-performance OLEDs by simultaneously improving
the efficiency and chromaticity of the devices.
Generally, lots of optical emissive characteristics, such as the far-field spectrum and the

angular color shift, should also be considered in the optimization design process of the OLED
devices in practice. Although here we mainly focus on the optimization of the efficiency and the
chromaticity, the proposed collaborative optimization strategy can be well extended to deal with
enough characteristics by taking all the parameters into the evaluation function.
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