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Abstract: Organic light emitting diodes (OLEDs) with a quasi-crystal (QC) 
structure are analyzed and applied in a head-mounted display (HMD) 
system in this study. We adopt a hybrid simulated method to evaluate the 
light extraction efficiency (LEE) and far-field pattern in the air, and study 
the relationship between them. The simulation results show that OLEDs 
implanted with the QC structure can provide a collimated far-field pattern 
to increase the brightness. Using this 10-fold QC arrangement the maxima 
LEE of the OLEDs can be increased by 1.20 times. Compared with 
conventional OLEDs, the viewing angle of the OLED panel decreases from 
120 degrees to 26 degrees with an improvement in the optical efficiency of 
the HMD system by 2.66 times. Moreover, the normalized on-axis intensity 
in the pupil of the eyepiece can be enlarged up to 3.95 times which suggests 
that the OLED panel can save 74.68% energy while achieving the same on-
axis intensity as conventional OLEDs. 
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1. Introduction 

Organic light-emitting diodes (OLEDs) have found major application because they can 
provide high brightness, quick response time, low power consumption and superior color 
rendering [1]. On the basis of these excellent characteristics, OLEDs have attracted much 
attention for use in displays and general lighting during in recent decades. In addition to the 
implementation of OLEDs in large-size flat panel displays (FPD) [2], they have also been 
used in small-screen devices such as smart phones and head-mounted displays (HMD) due to 
their self-luminescence, light weight and thin thickness [3]. The optical system for a HMD 
system with liquid crystal on silicon (LCoS) panels consists of an illumination system and 
image system. The LCoS panel is not a light emitting source so an additional illumination 
system is needed to light up the LCoS panel. For portable applications requiring compact size 
and light weight, it is necessary to replace the LcoS with the OLED panel in the HMD system 
[4]. Although they are more suitable for portable display devices [5], the light extraction 
efficiency (LEE) of the conventional OLED is still poor (~20%) [6]. The brightness is not 
enough for the human eye due to the influence of ambient light. In addition, the wide intensity 
distribution of the far-field pattern is another disadvantage for this kind of display application. 
To meet the above needs, the current research is dedicated to not only to improving the 
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optical efficiency of OLEDs but also to take improving the far-field pattern into 
consideration. 

Nowadays, the internal quantum efficiency of OLEDs can reach 100% by using 
phosphorescent emitters [7]. However, the total internal reflection (TIR) in high refractive 
index layers results in LEE deficiency. There is an extensive body of literature dealing with 
enhancing the external quantum efficiency of OLEDs [8] and there have been numerous 
studies about increasing the LEE. The related works can be classified into several areas: 
roughening [9], scattering layers [10], gratings [11], and one- and two-dimensional photonic 
crystals (PCs). According to past work, utilizing the photonic crystals is a desirable method to 
improve the LEE of OLEDs. The structure of the photonic crystals can be coupled with the 
waveguide mode which is trapped in the high refractive index layers to leaky modes [12]. The 
square lattice PCs embedded between the indium tin oxide (ITO) layer and the substrate 
effectively allow the trapped light to escape from the ITO layer [13]. Similar approaches have 
been taken to address the LEE of OLEDs devices [14,15]. Owing to the periodic structure, the 
intensity distribution of the light extraction is obvious in the far-field pattern [16,17]. This 
reveals that the diffraction phenomenon is important when periodic PCs are introduced into 
OLEDs. For an HMD system with an OLED panel, the rays emitted from the OLED panel 
pass through the eyepiece to generate an image on the human eye. The aperture of the 
eyepiece limits the cone angle of the OLED panel which means that photonic crystal OLEDs 
which have the property of a wide intensity distribution are inappropriate to employ as the 
illumination light source in the HMD system. Therefore, we utilize quasi-crystal structure 
embedded in the OLEDs to ameliorate the problem with the intensity distribution. 
Furthermore, the enhancement of the LEE and the relations corresponding to the intensity 
distribution are considered at the same time. 

In this investigation, we utilize 2D quasi-crystal (QC) structure which is sandwiched 
between a glass substrate and the ITO. A SiNx buffer layer is inserted underneath the ITO to 
smooth the ITO/HTL interface [18]. The functioning of the actual HMD system with the 
OLED panels is estimated with a hybrid method which combines the finite-difference time-
domain (FDTD) and ray-tracing method [19–21]. The Lumerical FDTD Solutions and 
LightTools software correspond to the wave and ray methods, respectively. In this study, we 
find that OLED implanted QC structures give collimated far-field patterns. Furthermore, the 
optical efficiency of the HMD system can be evaluated by adopting this hybrid method and 
the performance of the system is also discussed and compared the performance of the QC-
based HMD system. The results show that the viewing angle of the QC-based HMD can be 
adjusted from 120 degrees to 26 degrees and the enhancement of optical efficiency can be 
improved up to 2.66 times. Overall, the normalized on-axis intensity of the pupil of the 
eyepiece can be enlarge up to 3.95 times which suggests that the OLED panel can offer an 
energy saving of 74.68% while achieving the same on-axis intensity as conventional OLEDs. 

2. Design of the flow chart and the bottom emitting OLED structure 

2.1 Simulation flow chart 

In wave optics, the near-field means that the emitted wavelength and the propagating distance 
are of the same order. If the propagating distance is much greater than the emitted 
wavelength, it is called the far-field. In general, OLEDs are only a few micrometers thick, 
which is easy to simulate in the near-field using the FDTD method. However, the thickness of 
the covering glass of the OLEDs is too thick to calculate using the same method, failing to 
obtain the radiated power in air in the far-field directly. Hence, the OLED simulation method 
must be rethought. To overcome this disadvantage, a hybrid method combining the wave 
method with the ray method is used. The simulation flow chart is shown in Fig. 1. First of all, 
the near-field information for an OLED implanted PC structure can be calculated via the 
FDTD method. By combining the Near-to-Far-Field transformation (NTFF) method [22] with 
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Fresnel correction [23], the LEE and the far-field pattern of OLEDs in air can be obtained. 
Following the FDTD simulation, the far-field pattern in air can be processed and transferred 
into angular space through ray optics. The whole optical system with the OLEDs and the 
HMD system can be estimated with the ray-tracing method. Using this hybrid method, the 
wave and ray results for the OLEDs can be analyzed in greater detail and with more freedom. 
Through the hybrid method, the far-field pattern in air can be utilized in the HMD system for 
evaluating the optical efficiency. 

 

Fig. 1. Simulation flow chart for the hybrid method. 

2.2 Architecture of the FDTD simulation 

As can be seen in the flow chart above, information about the OLEDs in the near-field can be 
obtained by the FDTD simulation. Owing to the limitations of computer member for the 
FDTD method, the size of the OLEDs is restricted to 8x8x2μm3. Perfect match layers (PML) 
are placed on all sides. The structures of the conventional OLEDs and PC-based OLEDs are 
shown in Fig. 2. The conventional OLED structure consists of a metal cathode, an electron 
transport layer (ETL), a hole transport layer (HTL), a ITO and a glass substrate. In the PC-
based OLEDs, the PC structures are sandwiched between the glass substrate and the ITO. A 
SiNx buffer layer is inserted under the ITO to smooth the ITO/HTL interface. It is assumed 
that the dipoles are emitted at the interface of the ETL and HTL. The excited dipoles have 
polarizations along the x, y and z directions to represent the arbitrary directions of the dipole. 
The estimation results can be obtained by averaging over all dipole directions [24]. To ensure 
stable conditions, the simulated time step is 0.01 fs and 10000 FDTD time steps are iterated. 
The spatial resolution is set below 6nm corresponding to the refractive index of the material 
and the thickness of the layer. 
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Fig. 2. Optical configuration of the OLEDs and the HMD system. The left-hand figure 
illustrated the hybrid method developed for connecting and evaluating the optical 
configuration. The right-hand figure shows the conventional OLED and the PC-based OLEDs. 
The thickness of the Al, electron transport layer, hole transport layer, ITO, SiNx, and the 
height of the PCs are 100 nm, 60 nm, 80 nm, 150 nm, 600 nm and 200 nm, respectively. 

2.3 Architecture of the ray-tracing simulation 

The thickness of the glass makes simulation difficult using only the FDTD method, therefore 
it is necessary to combine it with the NTFF method and the Fresnel correction method, as 
shown in Fig. 2. In this way, the far-field pattern for OLEDs in air can be obtained from the 
FDTD. The whole optical system containing OLEDs and the HMD system can be estimated 
by adopting the ray-tracing method. In order to connect with the HMD system, the raw data 
for the far-field pattern can be processed and modified using the ray-tracing software 
(LightTools). The far-field pattern in air represents an imaginary flat source which has the 
same intensity distribution as air. The intensity distribution of this flat source is imported by 
processing the far-field pattern in air. The spatial distribution is arranged for an OLED panel 
with a resolution of 852x600 [25]. Through the above arrangement and procedure, the far-
field in air can be utilized to simulate and link the HMD system. The optical efficiency and 
view angle of the whole system can be estimated systematically. 

3. Simulation analysis 

3.1 Different arrangements of two-dimensional photonic-crystals (PCs) and quasi-crystals 
(QCs) 

The influence of the PC structure is analyzed after inserting two-dimensional PCs into the 
SiNx layer between the ITO and the glass layer. The crystal structures can include 
rectangular, hexagonal, 8-fold, 10-fold and 12-fold QCs. The multi-fold construction of the 
QCs is described with Eq. (1) [26–28]. The variable nfold indicates the rotational symmetry of 
the associated QCs and the lattice constant of nfold is represented by a. Following this 
assumption, the two-dimensional morphologies of the QCs established in this study can be 
evaluated. 

 
/2 1

0
( ) cos[2π cos(2π / ) / 2π sin(2π / ) / ]y

−

=
= +

foldn

fold fold
n

f x,y x n n a n n a  (1) 

Figure 3 illustrates the OLED structure implanted with 10-fold QCs, where the right-hand 
figure represents the top view of the 10-fold QCs. The dielectric glass rod is embedded in the 
SiNx layer. To simplify, the filling factor (radius/lattice constant) and depth of the patterns 
are chosen to be 0.5 and 200 nm, respectively. The same assumption is also suitable for 
rectangular, hexagonal and other multi-fold QCs. 
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Fig. 3. The 3D layout of a 10-fold QC OLED with a glass dielectric rod embedded in the SiNx 
layer. The right-hand figure shows the top view of a 10-fold QC arrangement with a lattice 
constant of a. 

3.2 FDTD analysis 

The LEE of the different arrangements is analyzed, the enhancement of LEE is defined as in 
Eq. (2), where P is the Poynting vector of the far-field pattern when the near-field is projected 
by the distances of R. PCon and PDes are corresponding to the Poynting vector of conventional 
OLEDs (without structure) and PC-based OLEDs (with structure). By integrating the 
Poynting vector with all angles and wavelengths ranging from 400nm to 700nm, the 
enhancement of LEE in the different designed structures can be evaluated, where 
enhancement factor is represented by EF. 
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P (θ,φ,λ)R sin(θ)dθdφdλ
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= ≥
 

 





  

 

  (2) 

To simplify, the parameters (as shown in Fig. 2) are fixed, except for the lattice constant. 
The results of a comparison of the different structures are plotted in Fig. 4. The lattice 
constant varies from 200nm to 1000nm. The conventional OLED is represented at the 
condition with a lattice constant of 0 nm. With an increase in the lattice constant, the 
enhancement of the LEE in air can be achieved, as shown in Fig. 4(a). Examination of the 
different structural morphologies shows that the 10-fold QC demonstrated better performance 
than the other arrangements. With the 10-fold QC structure there is an improvement in the 
maximum LEE of 1.2 times when the lattice constant is 800 nm. For larger lattice constants, 
there is a similar decline in the enhancement of the LEE for the different structures due to the 
scattering effect from the diffraction of the light. The far-field patterns in air with different 
QCs obtained by adopting the NTFF method and the Fresnel correction are illustrated in Fig. 
4(b). The distribution of far-field patterns is observed for various different lattice constants: 0 
nm, 500 nm and 800 nm. From the calculated results, we find that the far-field pattern has 
collimated distribution when the lattice constant is 500 nm. When the lattice constant is 800 
nm, the far-field pattern has a batwing distribution corresponding to the maximum LEE. In 
addition, the diffraction phenomenon is obvious in the 8-fold and 12-fold QCs. The 
explanation for the results may be that the light diffraction suppressed the LEE in the OLEDs, 
and therefore the 10-fold QCs showed better performance than the other QCs. 
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Fig. 4. (a) The enhancement of LEE as a function of the lattice constant and the arrangement in 
the air. (b) The far-field pattern with QCs in air at a lattice constant of 0 nm, 500 nm or 800 
nm, respectively. 

3.3 Comparison of ray-tracing analysis and FDTD method results in air 

The radiated power of the OLED panel in air can be obtained by using the FDTD method 
directly with Fresnel correction, but the boundary effect of the glass layer is not considered. 
In order to examine the disparity, we combine the NTFF results for the glass layer with those 
from the ray-tracing method in the actual size of OLEDs. A similar method has been reported 
for evaluating the performance of OLEDs with an optimal microlens array [29,30]. In the 
simulation, a 10-fold QC OLED structure is used with the same parameters as those 
mentioned above. In the ray tracing method with the NTFF results for the glass not only is the 
Fresnel correction considered but also the influence of the intercept with the boundary. The 
estimation results associated with various lattice constant are shown in Fig. 5. 

From the ray-tracing method for the actual size of the OLEDs, it can be seen that the 
maximum LEE enhancement is 1.23 times with lattice constant of 800 nm. In comparison, 
with the FDTD method, the maximum LEE enhancement is 1.20 times for the same lattice 
constant. The LEE enhancement is slightly higher when the lattice constant ranges from 400 
nm to 1000 nm according to the ray-tracing method and the actual size of OLEDs. This result 
indicates that the multiple reflections affect the enhancement of the LEE. On the whole, the 
maximum deviation between the two methods is 2.5% which is in within the reasonable range 
and the tendency of the calculated results is consistent. Since the primary concern is the 
optical efficiency of the whole system, the FDTD method with Fresnel correction is 
appropriate for reducing the complexity of the simulation procedure. In the next section, we 
discuss the application of the far-field pattern from the FDTD method with Fresnel correction 
for an HMD system and evaluate the corresponding enhancement of optical efficiency. 
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Fig. 5. Comparison of the results obtained with two different simulation methods. The 
relationships between the enhancement of the 10-fold QCs for the different lattice constants 
show that a maximum deviation of 2.5% which is within the reasonable range and the tendency 
of the calculated results are consistent. 

3.4 Comparison of the eyepiece system 

The imaging system for the HMD system is a typical eyepiece lens. A symmetrical eyepiece 
is chosen from among four-element eyepieces for baseline comparison [31], as shown in Fig. 
6(a). The panel area of the OLED is 12.78mm x 9mm, the diagonal field of view is designed 
to be 30 degrees and the pupil of the eyepiece has a diameter of 8 mm [32,33]. 

As mentioned in the preceding section, there are three kinds of far-field patterns for the 
application of OLEDs in an HMD system. In the 1st pattern the lattice constant is 0 nm 
(conventional OLEDs). The full width at half maximum (FWHM) of the intensity distribution 
is 120 degrees with a Lambertian distribution. In the 2nd pattern, the maximum LEE occurs 
with a lattice constant of 800 nm. The intensity distribution of the 2nd pattern is a batwing 
distribution. The maximum intensity occurs at 49 degrees. For the comparison of different 
intensity distributions, the collimated far-field pattern of the OLEDs is chosen for 
comparison. The collimated far-field pattern occurs with a lattice constant of 500 nm. The 
FWHM for the intensity distribution can reach 26 degrees. The intensity distribution with the 
lattice constant of 500 nm is chosen as the 3rd pattern. The intensity distributions of the three 
different kinds of far-field patterns are shown in Fig. 6(b). 

The on-axis intensity and the enhancement of optical efficiency of the HMD system can 
be compared through examination of the three normalized intensity distributions for the pupil 
of the eyepiece shown in Fig. 6(c). The normal intensity is set by the on-axis intensity of the 
1st pattern for three intensity distributions. Among the three kinds of far field patterns, there 
is an increase in the normalized on-axis intensity of 3.95 times for the 3rd pattern, but a 
reduction in the normalized on-axis intensity to 0.16 times for the 2nd pattern. Therefore, the 
collimation of the three kinds of far-field patterns will take effect with the normalized on-axis 
intensity. Furthermore, the optical efficiency can be obtained by integrating the normalized 
intensity distribution. Comparison shows a substantial enhancement in the optical efficiency 
of the HMD system of 2.66 times with the 3rd pattern. In contrast, there is a reduction in the 
optical efficiency of 0.30 times with the 2nd pattern. The results of the comparison of these 
phenomena are shown in Table 1. 
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γ(%) (1 ) 100%
α

= − ×  (3) 

Owing to the characteristics of the human eye, the maximum visual acuity (VA) is at the 
normal direction of the human eye [34]. The intensity at the normal direction is thus chosen 
for comparison. For the purpose of the energy conservation, the power saving can be defined 
as in Eq. (3), where γ is the ratio of the power saving. At the pupil of eyepiece, β is the 
normalized on-axis intensity of the conventional OLEDs and α is represented as normalized 
on-axis intensity of input far-field pattern. The results of the calculation for three patterns are 
shown in Table 1. In one word, these results of the simulation indicate that the main intensity 
distribution of the 2nd pattern is located at a larger angle, so that the normalized on-axis 
intensity at the pupil of the eyepiece is the lowest among three patterns. Thus, the collimation 
level and the FWHM of the intensity distribution with the OLED panel are significant factors 
in the HMD system. 

 

Fig. 6. (a) The layout of the eyepiece, (b) relationship between normalized intensity 
distributions for the OLED panel, (c) and the normalized intensity distribution for the pupil of 
the eyepiece. 

Table 1. Comparison of three far-field patters in the HMD system 

Input far-field pattern 1st pattern 
(Conventional OLEDs) 

2nd pattern 3rd pattern 

Normalized enhancement 
of optical efficiency 

1 0.30 2.66 

Normalized on-axis 
intensity 

1 0.16 3.95 

Power saving (%) 0% −525% 74.68% 
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4. Conclusion 

The enhancement of optical efficiency and the on-axis intensity in an HMD system with 
OLED plane implanted QCs are evaluated using a hybrid method which includes the FDTD 
and ray-tracing simulation. Five arrangements are considered and the results suggest that 
greater improvement of the LEE can be achieved with 10-fold QCs than with other structures 
for lattice constant ranging from 500 nm to 1000 nm. In particular, there is a maximum 1.2 
time enhancement of the LEE when the lattice constant is 800 nm. However, it is found that a 
10-fold QC with a lattice constant of 500 nm has a collimated far-field pattern and is thus 
more suitable for the HMD system. The enhancement in optical efficiency can be increased 
up to 2.66 times and the normalized on-axis intensity for the pupil of the eyepiece can be 
increased up to 3.95 times. From the evaluation results of the HMD system, it can be seen that 
the 2nd pattern has the maximum LEE according to the FDTD method but the normalized on-
axis intensity in the pupil of the eyepiece is even lower than that of conventional OLEDs. 
Although the enhancement of the LEE for the 3rd pattern is less than for the 2nd pattern, it is 
advantageous for the HMD system when the intensity distribution is collimated. These results 
indicate that the collimated far-field pattern is more important than the LEE enhancement 
when the OLED plane is used in an HMD system. At the same time, the collimated far-field 
pattern of the 10-fold QC OLEDs can be utilized in the HMD system to achieve power 
saving. There can be a reduction in the energy usage of the OLED panel of 74.68% while 
obtaining the same on-axis intensity for the pupil of the eyepiece as for conventional OLEDs. 
Therefore, the OLED with the 10-fold QC structure not only has a strong impact on the LEE 
but also offers a novel architecture for the HMD system. 
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