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Using Three-Component Hierarchical Structures to Improve
the Light Extraction from white LEDs

Based on Red-Green-Blue Color Mixing Method

Meng Liu1, 2, Kang Li1, *, Fan-Min Kong1, Jia Zhao1, and Chong-Jie Xu1

Abstract—In this work, we present a three-component hierarchical structure to simultaneously improve
the red, green, and blue (RGB) light extraction efficiency (LEE) of white light-emitting diodes (LEDs)
based on color mixing method. With the help of 3D finite-difference time-domain (FDTD) simulations,
the effects of the embedded photonic crystals (PhCs) the normal surface PhCs and the nano-rods on the
enhancement of RGB light extraction were investigated. The results were compared with those of the
conventional planar LEDs and the normal surface PhCs LEDs over the whole visible spectrum. Results
from the simulations demonstrated that the maximum LEE for the hierarchical structures LEDs gave
112%, 327%, and 284% RGB LEE enhancement, respectively, compared to that of the conventional
planar LEDs, and achieved 104%, 191%, and 187% RGB LEE enhancement compared to that of LEDs
with normal surface PhCs. The emission characteristics of the hierarchical structures LEDs were also
revealed in detail by FDTD simulations. The results shown in this paper would do a favor for the design
and fabrication of high efficiency LEDs.

1. INTRODUCTION

Recently, LEDs especially white LEDs have been widely used in our daily life, such as lighting, flat-panel
displays, and optical communications [1, 2]. Two approaches can be used to produce white LEDs: one
is based on phosphor conversion, and the other is the so-called RGB color mixing method. With the
phosphor conversion method, one or two color LEDs die is used to excite different color phosphors, and
then these colors are combined to get the white LEDs. Between them, combining the blue emission
from GaN LEDs die and the yellow fluorescence from the phosphors excited by the blue light is a typical
method [3]. However, both the conversion efficiency and the color rending index are very low. Some
researchers use ultraviolet light to excite blue, green, and red phosphors to get white light emission.
With this method, higher efficiency and color rending index are obtained; however, this method is
very complicated with rising costs [4]. As far as the RGB color mixing method is concerned, the red,
green, and blue lights are directly combined to produce white light emission without the participation
of phosphors [5]. Although the efficiency of white light LEDs obtained from color mixing method is still
a little lower than that based on phosphor conversion method because of the low emission efficiency of
the green and yellow LEDs, the lifetime of the white LEDs based on phosphor conversion is usually
degraded to some extent due to the involvement of the phosphors which are easily degraded. And
because of the non-radiative recombination of the phosphors, the efficiency the white LEDs based on
phosphor conversion cannot reach 200 lm/W. On the other hand, since the RGB system white LEDs
are phosphors free, the lifetime and color rendering are much better than the phosphor conversion white
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LEDs, and it is expected that their emission efficiency can reach 250 lm/W, so the white LEDs based
on color mixing are becoming the main trend of white LEDs [6, 7].

In order to realize the RGB color mixing white LEDs, various methods have been implemented.
In 2002, Yamada et al. [6] used quantum wells (QWs) with different In compositions to form multi-
color-emitting multiple quantum wells (MQWs) and fabricated a high efficiency monolithic white
LEDs. However, the intensity of different wavelengths varied largely due to nonuniform carriers spatial
distribution, especially nonuniform distribution of the holes. Recently, RGB color mixing system by
the combination of independent emitting quantum dots (QDs) is becoming a promising white LEDs
fabrication method due to its high luminescence quantum yield, good photo-stability, size-tunable
emission, and cheap solution process ability [8]. In this method, different scale QDs are fabricated
in different QWs to realize multi-wavelength emission and then monolithic white LEDs. The intensity
of certain wavelength can be tuned by tuning the QDs density distributions. Nowadays, combined with
ultraviolet light, high efficiency white light emission has been realized by RGBQDs [9, 10]. However,
most of these white LEDs based on the QDs have low LEE resulting from scattering problem [11].
Therefore, it is still a challenge to fabricate QDs white LEDs with high LEE along with their high
luminescent performance.

During the last decades, numerous methods have been implemented to increase the LEE of GaN-
based blue LEDs, such as surface roughing [12], PhCs [13–15], and nano-array surfaces [16, 17]. Among
these methods, surface roughing is easy to be carried out and has been used commercially in the
fabrication of LEDs. However, it has no control of the direction of the emission light, and the productive
process is uncontrollable too. Recently, PhCs and nano-array surfaces have shown great potential in
the improvement of LEE. Tsai et al. [18] have fabricated embedded PhCs within the GaN/InGaN green
LEDs to enhance the LEE of LEDs by 78%, and meanwhile, the view angle of LEDs has also been
collimated from 131.5◦ to 114.0◦. Chen et al. [19] have used nano-pillar array to improve the LEE of
GaN-based blue LEDs and achieved a factor of 1.41 enhancement at 20 mA current injection. However,
these methods were all aiming at a single wavelength extraction which had little effect on the LEE
enhancement of other wavelengths. Li et al. [20] have enhanced the LEE of white LEDs by applying
the hetero-structure PhCs as the substrate, and an obvious enhancement of white light intensity has
been achieved. However, it was very difficult to engineer the structure of PhCs to make tri-stopbands
overlapping the emission wavelength of RGB QDs.

In this work, we design a three-component hierarchical structures to simultaneously enhance the
RGB light extraction. The 3D FDTD method was used to calculate the LEE of LEDs with different
configurations. And results indicated that the LEE of RGB light had a great increase, then more white
light intensity would be obtained.

2. MODEL OF SIMULATION AND NUMERICAL METHOD

The schematic of three-component hierarchical structures LEDs is shown in Figure 1(a). The LEDs
were composed of a 1 µm sapphire substrate a 1.8 µm n-GaN layer, a 200 nm p-GaN layer and a 250 nm
ITO current spreading layer from bottom to top. Embedded PhCs were fabricated within n-GaN
layer to enhance the LEE of green light emission, and the normal surface PhCs were used to extract
the blue light, while the nano-rods were applied to red light extraction. Balancing the accuracy and
calculation time, the simulation volume was selected as 4µm × 4µm × 3.25µm since the LEE did not
change significantly as it was further increased [21]. As shown in Figure 1(b), a classical dipole source
embedded between the p-GaN layer and the n-GaN layer was used to represent the carrier recombination
within the active layer. The emission wavelengths were set as 620 nm, 520 nm, and 465 nm which are
most representative of red, green, and blue light emissions, respectively [22–24].

To eliminate any reflection at the boundaries which would result in unphysical interference pattern,
we applied perfectly matched layer (PML) [25] to the edge of the simulation domain. Here, the width
of PML was set as 100 nm which could effectively absorb all incident energy. Moreover, a homogeneous
mesh-grid of 10 nm was used during the simulations. As far as the absorption of the materials was
concerned, the intensity of light traveling in the semiconductor can be written as a function of distance
z as follows:

I = I0 exp(−4πkz/λ0) (1)
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(a) (b)

Figure 1. (a) The schematic of three-component hierarchical structures LEDs. (b) The cross section
of the model setup for FDTD simulations.

(a) (b)

Figure 2. (a) The refractive index (n) of GaN and ITO. (b) The extinction coefficient (k) of GaN and
ITO.

where I is the wave intensity of the light source, k the extinction coefficient, and λ the wavelength of
the light in free space. The refractive index (n) and extinction coefficient (k) of GaN and ITO along the
whole visible spectrum are shown in Figure 2. Since the extinction coefficients of GaN, ITO were close to
zero at the wavelengths of interest, the materials absorption was ignored during the simulations [26, 27].

A power monitor was used to measure the power flux (Pout) passing through a plane placed above
the top surface of LEDs, and a box monitor enclosing the dipole source was used to calculate the whole
power emitted from the dipole source (Psource). Then the LEE of LEDs was defined as [28]:

ηextr =
Pout

Psource
(2)

In order to show the effects of hierarchical structures on the LEE improvement, the enhancement
of LEE is used. And the LEE enhancement factor F was defined as

F =
ηextr − η0

η0
× 100% (3)
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where ηextr is the LEE of LEDs with various structures and η0 the LEE of the conventional planar
LEDs.

3. RESULTS AND DISCUSSIONS

3.1. The Light Extraction of Planar LEDs

As we know, the low LEE of LEDs was mainly due to the effects of total internal reflection (TIR) and
Fresnel reflection [29], especially the TIR. Under the influence of TIR, the LEE of LEDs can be defined
as

ηextr =
Pout

Psource
=

∫ θc

0 2πr2 sin θdθ

4πr2
=

1
2
(1 − cos θc) (4)

where θc = arcsin(n1/n2) is the critical angle. For example, for GaN planar LEDs, namely, there was
no additional structure on the top of the LEDs, and the LEE was about 4%. While adding ITO on the
top of GaN, the LEE of the top surface was about 6.7%. However, because of the TIR between the
GaN and ITO layer, the overall LEE would be between 4% and 6.7%. As far as the Fresnel reflection
was concerned, the reflection ratio of the top surface of the ITO planar LEDs was:

R =
(

nITO − nair

nITO + nair

)2

≈ 0.11 (5)

which would further reduce the LEE. According to our simulation, the LEE of planar ITO LEDswas
4.6%, which could be reliable.

3.2. The Green Light Extraction-embedded PhCs

3.2.1. The Dependence of LEE on the Distance between Embedded PhCs and the Active Layer

Firstly, we used the embedded PhCs to improve the light extraction of the green light. The simulations
of the dependence of green light LEE on the distance d between embedded PhCs and the active layer
was first conducted. It has been proved in [30] that the triangular lattice PhCs had better performances
than square ones, so triangular lattice PhCs were chosen during the simulations. Then the filling factor
can be defined as:

ftriangle =
2πR2

PhCs√
3a2

PhCs

(6)

Here, RPhCs is the radius of PhCs, and aPhCs is the PhCs lattice constant, i.e., center-to-center distance
between the neighboring PhCs.

Then the lattice constant aPhCs of the embedded PhCs was kept at 498 nm, radius RPhCs set as
150 nm, and depth fixed at 500 nm for the time being, which have been used to improve the LEDs green
light output performance in [18]. We could calculate the filling factor from Equation (6), that was about
0.33. Then the LEE of LEDs with the distance d between embedded PhCs and the active layer varied
from 60 nm to 400 nm was calculated, and the results are shown in Figure 3.

It can be found from Figure 3 that with the distance d increasing from 60 nm to 500 nm, the LEE
decreases periodically. As a matter of fact, the embedded PhCs act as a confining layer and lead to
the confinement of the photon energy between the embedded PhCs and the top surface of the LEDs.
Moreover, with the diffraction of PhCs, the distributions of the lower modes located in the GaN layer
were changed and new cladding modes generated, which could improve the LEE effectively [31]. The
smaller the distance d is, the stronger confinement is obtained. Then the photons had more chances
to escape from the top surface of the LEDs. The periodic behavior results from the interference of the
light emission upward and that reflected by the embedded PhCs. As can be seen from Figure 3, the
green light extraction is enhanced by 74.7% when the distance d equals 100 nm.
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Figure 3. The dependence of LEE on the
distance d between the embedded PhCs and the
active layer.

Figure 4. The influence of the embedded PhCs
depth h1 on the LEE.

3.2.2. The Influence of the Embedded PhCs Depth on the LEE

Then, in the following simulations, the distance d between the embedded PhCs and the active layer was
fixed at 100 nm where the maximum LEE has been obtained from above calculations, and the etching
depth of PhCs varied from 50 nm to 800 nm in step of 50 nm. Figure 4 demonstrates the variation of
LEE for numerous etched depths h1 of the embedded PhCs. As shown in Figure 4, with the increase
of the etching depth, the LEE of green light presents a decremented sinusoidal-like behavior. The
largest enhancement of LEE is obtained at a embedded PhCs depth between 100 and 200 nm. When
the PhCs depth h1 equals 150 nm, the LEE obtains a 83.1% enhancement. This can be explained by
the confinement of light emission between the embedded PhCs and the top surface of the LEDs. The
enhancement of LEE will be high when the interference is constructive. This is in good agreement with
the conclusion of. [32, 33].

This can also be manifested by the power flow intensity of the LEDs with different embedded
PhCs depths, such as 150 nm, 350 nm, and 500 nm, as shown in Figure 5. From Figure 5, we can find
that when the embedded PhCs depth equals 150 nm, the photonic power is better confined between
the embedded PhCs and the top surface of LEDs, and the power travels towards the bottom of LED
decrease, which has more chances to be extracted. However, when the etching depth equals 350 nm and
500 nm, more power travels toward the bottom of LED, and is absorbed by the PML placed around the
LED, then the LEE will decrease.

(a) (b) (c)

Figure 5. The power flow intensity of different depth embedded PhCs LEDs: (a) 150 nm; (b) 350 nm;
(c) 500 nm.
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3.2.3. The Influences of the Embedded PhCs Radius and Filling Factor on the LEE

Then, the influences of the embedded PhCs radius r1 and filling factor f1 on the LEE were investigated
simultaneously, since they have close relations with each other, while the other parameters were fixed at
the optimal values obtained above, i.e., the distance d between the embedded PhCs and the active layer
was set as 100 nm, and the embedded PhCs depth was 150 nm. Then the enhancement of LEE which is
depicted as a function of the embedded PhCs radius r1 and filling factor f1 is shown in Figure 6. Here,
the embedded PhCs radius r1 varies from 40 nm to 400 nm, and the filling factor f1 is between 0.25 and
0.45. It can be seen from Figure 6 that the best radius r1 for light extraction is between 180 nm and
260 nm, and the best filling factor f1 is between 0.3 and 0.45. When the filling factor f1 equals 0.4 and
the radius r1 equals 240 nm, the highest LEE enhancement of 123% is achieved.

Figure 6. Influences of the embedded PhCs radius r1 and filling factor f1 on the LEE.

3.3. The Blue Light Extraction-surface PhCs

3.3.1. The Dependence of Surface PhCs Depth on the LEE

Then the normal surface PhCs were used to extract the blue light of the RGB white LEDs. It is worth
mentioning that since the fabrication of PhCs etching through the active layer was still very complicated
and difficult, we considered only shallow etched PhCs during the simulations [34]. The lattice constant
of the surface PhCs was kept at 200 nm and the radius set as 60 nm for the time being, which have been
used to improve the light output performance of LEDs in [21]. Then the LEE of surface PhCs LEDs
with PhCs depth varied from 40 nm to 440 nm was calculated, and the results are shown in Figure 7(a).

From Figure 7(a), it is clearly visible that with the increase of PhCs etching depth, the LEE
increases periodically. When the depth is about 360 nm, above 190% enhancement of LEE has been
achieved. Then it begins to decrease drastically as the depth further increases. Furthermore, in order to
show the application of surface PhCs as a light extractor of light emission, we plot the far-field intensity
distributions of LEDs in Figure 7(b).

From Figure 7(b), it can be seen that as PhCs are etched on the surface of LEDs, the far-field
intensity distribution is well modified accordingly. As shown in Figure 7(b), the power flux between
angular −90◦ ∼ 90◦ can be collected by the monitor placed above the top side of LEDs. It means that
the output power of LEDs can be represent by the area under the far-field distribution curve, which is
Pout. As demonstrated in Figure 7(b), when the surface PhCs depth h2 equals 360 nm, the area under
the far-field distribution curve of LEDs is larger than that of the other surface PhCs depths which
implies more interaction of the surface PhCs and the guided modes, then more LEE enhancement will
be achieved. From Figure 7(b) we can also find that when h2 equals 360 nm, more power is concentrated
between angular −20◦ and 20◦, which means that better directional properties will be obtained.
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(a) (b)

Figure 7. (a) The enhancement of LEE as a function of the depth of the surface PhCs. (b) The
far-field intensity distributions of the surface PhCs LEDs with different etched depths, the far-field
intensity distributions of the conventional surface planar LEDs is also shown here for comparison.

3.3.2. The Influence of Surface PhCs Radius and Filling Factor on the LEE

Then the influences of the surface PhCs radius r2 and filling factor f2 on the LEE were investigated
simultaneously, while the other parameters were fixed at the optimal values obtained above. The LEE
was calculated as r2 varied from 20 nm to 400 nm for various values of f2 between 0.25 and 0.45 in 0.05
intervals. As shown in Figure 8, as the filling factor f2 varies from 0.25 to 0.45, all the LEEs exhibit a
similar tendency: each line firstly increases to a peak value when r2 is about 60 nm and then decreases
periodically as r2 further increases. This can be manifested by the electric field intensity distributions
in the LEDs.

Figure 8. Influences of the surface PhCs radius r2 and filling factor f2 on the LEE.

Figure 9 shows the electric field intensity distributions of LEDs with different PhCs filling factors
and radii. From Figure 9, we can find that when f2 = 0.4 and r2 = 60 nm, the power can be more
effectively diffracted out of the LEDs than the other configurations, then more LEE enhancement will
be obtained. As calculated, about 208% enhancement of LEE is achieved.

3.4. The Red Light Extraction-Nano-Rods

Finally, the nano-rods were fabricated on the un-etched surface of LEDs to extract the red light of the
white LEDs. In general, we fixed the period of nano-rods as 180 nm, and the height of nano-rods was
360 nm, then we varied the radius from 10 nm to 40 nm in step of 5 nm. It was worth mentioning that as
we have calculated above, the optimal radius of surface PhCs was 60 nm, and the filling factor was 0.4.
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(a) (b) (c)

Figure 9. The electric field intensity distribution of different filling factor and radius surface PhCs:
(a) f2 = 0.4, r2 = 60 nm. (b) f2 = 0.4, r2 = 200 nm. (c)f2 = 0.25, r2 = 200 nm.

(a) (b)

Figure 10. (a) The dependence of nano-rods radius on the LEE. (b) The enhancement of LEE as a
function of the nano-rods height h3.

Then we could get that the period of the surface photonic crystal was 180 nm from Equation (6). Since
the nano-rods were fabricated on the un-etched surface of LEDs, the radius of the nano-rods would be
no bigger than 40 nm as calculated. Thus, although the LEE might continue increase and achieve a
peak value with the radius increasing, we could not increase the radius of the nano-rods anymore. The
dependence of nano-rod radius on the LEE is shown in Figure 10(a). As can be seen from Figure 10(a),
the LEE increases dramatically as the radius increases, and achieves a biggest enhancement of 90.6%
when the radius equals 40 nm, which gets benefit from the waveguide effect of the nano-rods.

Then, we fixed the nano-rods radius at 40 nm as calculated above, and varied the nano-rods height
from 50 nm to 500 nm to calculate the corresponding LEE enhancement. The results are shown in
Figure 10(b). From Figure 10(b), we can find a declined oscillation with the increase of the nano-rods
height. It is much the same when the nano-rods height h3 equals 150 nm and 200 nm. However, as we
have calculated, the enhancement of LEE for nano-rod height 150 nm is 105.3%, and that of nano-rod
height 200 nm is 105.4%. Then we can find that when the nano-height is 200 nm, more LEE enhancement
can be achieved.

3.5. The Lee Enhancement over the Whole Visible Spectrum

Finally, the LEE enhancement of the hierarchical structures LEDs along the whole visible spectrum were
investigated. And that of the normal surface PhCs structure LEDs is also shown here for comparison.
Here, normal surface PhCs with lattice constant equal to 200 nm, radius equal to 60 nm, and PhCs
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depth equal to 350 nm are chosen for simulations. From Figure 11, we can find that the hierarchical
structures LEDs have greater LEE enhancement than that of the normal surface PhCs LEDs over the
whole visible spectrum. The maximum LEE enhancement is 280% higher than normal surface PhCs
LEDs at around 520 nm compared to the normal planar LEDs. The LEE enhancement decreases rapidly
below 465 nm and slowly above 620 nm. The light emitting intensity distributions of the blue, green,
red light of the normal surface PhCs LEDs, and that of the hierarchical structures LEDs are given in
Figure 12, respectively.

As can be seen from the light emitting intensity distributions shown in Figure 12, when the
hierarchical structures are fabricated in the LEDs, the LEE enhancement of green light is the biggest,

Figure 11. The LEE enhancement of the hierarchical structures LEDs and the normal surface PhCs
structure LEDs over the whole visible spectrum.

(a) (b) (c)

(d) (e) (f)

Figure 12. The light emitting intensity distributions of (a) blue light, (b) green light, (c) red light of
normal surface PhCs LEDs, and (d) blue light, (e) green light, (f) red light of hierarchical structures
LEDs. All the intensity distributions were normalized and in polar coordinates.
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then is that of the blue light, and at last is that of the red light. These conclusions are well in line with
the simulations results obtained above.

4. CONCLUSIONS

A three-component hierarchical structure is used to simultaneously improve the red, green, and blue
LEEs of white LEDs based on RGB color mixing. According to our FDTD calculations, the maximum
LEE for the hierarchical structures LEDs achieves 112%, 327%, and 284% for red, green, and blue
LEE enhancements, respectively, compared to that of the conventional planar LEDs, hence more LEE
enhancement for white LEDs will be obtained. We also compare the proposed structure with the normal
surface PhCs LEDs along the whole visible spectrum. From simulations, we can find that the hierarchical
structures LEDs have greater LEE enhancement than that of the normal surface PhCs LEDs over the
whole visible spectrum. And a maximum LEE enhancement of 280% higher than normal surface PhCs
LEDs at around 520 nm compared to the normal planar LEDs has been achieved. These results can
serve as guidelines for the design and fabrication of high efficiency LEDs.
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