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Abstract: In this study, we investigated the characteristic difference between the two different
configurations of the three-dimensional shell-core nanorod LED. We achieve a degree of polarization
of 0.545 for tip-free core—shell nanorod LED and 0.188 for tip core-shell nanorod LED by combining
the three-dimensional (3D) structure LED with photonic crystal. The ability of low symmetric
modes generated by photonic crystals to enhance degree of polarization has been demonstrated
through simulations of photonic crystals. In addition, light confinement in GaN-based nanorod
structures is induced by total internal reflection at the GaN/air interface. The combination of 3D
core—shell nanorod LED and photonic crystals cannot only produce a light source with a high degree
of polarization, but also a narrow divergence angle up to 56°. These 3D LEDs may pave the way for
future novel optoelectronic components.
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1. Introduction

In recent years, micro-LEDs have become a strong contender to be employed in next-
generation displays owing to their advantages of a long lifetime, high brightness, low
power consumption, small size, and high optical power density [1,2]. As a result, micro-
LEDs are potentially suitable for a wide range of applications, including virtual reality
(VR), augmented reality (AR), wearables, smartphones, high-definition television (HDTV),
full-color displays, visible light communication (VLC), and so on [3-6]. In addition to this,
nanostructured micro-LEDs are recently becoming a strong candidate for bio-applications
to meet the future demands for the human—machine interface [7-9]. The current display
market can be divided into two sections: large-sized display and small-sized display [10,11].
Sony, Samsung, and LG were able to develop large-sized micro-LED displays employing
spliced displays for large-screen displays; however, the cost of this technology is still
expensive. Nevertheless, the conventional LED backlight with a thin film transistor (TFT)
module is still mainstream in the large-sized display. Apple and PlayNitride are committed
to developing the usage of micro-LEDs for small-sized displays that are used in wearable
devices and smart phones [12-14]. Strong ambient light, particularly glare on the screen,
will be a concern for displays of this size, resulting in low display visibility. To address
this issue, a polarizer is installed on the display to reduce the glare generated by ambient
light. This strategy, however, will consume more than half of the display’s light, resulting
in a reduction in contrast and brightness [15]. As a result, either large-sized or small-
sized displays need to address the issue of light loss due to the existence of the polarizer
structure [16-18]. This leads to the development of a high-polarized light source, which is

Crystals 2022, 12, 532. https:/ /doi.org/10.3390/ cryst12040532

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst12040532
https://doi.org/10.3390/cryst12040532
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-5269-2817
https://orcid.org/0000-0002-9373-4649
https://doi.org/10.3390/cryst12040532
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12040532?type=check_update&version=2

Crystals 2022, 12, 532

2 0f 8

essential to reduce the light loss and maximize the advantages of energy efficiency, high
contrast, and high brightness for LEDs.

At present, most industries use different epitaxial facets to grow LED structures with
better polarization characteristics [19,20]. Although polarized light sources are crucial
in displays and 3D projections, most current GaN micro-LED research focuses on how
to improve the luminous efficiency of micro-LEDs [21-23]. Only a few researchers have
investigated using nanostructure to improve both the degree of polarization of emission
light and the divergence angle. Nanostructure can be used to improve the polarization
characteristics and divergence angle of LED devices in a practical way, allowing micro-LEDs
more diversity in a variety of applications.

To further improve the optical properties of GaN-based light-emitting diodes, it is
necessary to overcome the most fundamental problem: the Quantum Confinement Stark
Effect (QCSE). The main origin of QCSE is the epitaxial strain from the c-plane substrate,
resulting in the polarization-related electric field. The internal piezoelectric field formed
by the lattice mismatch reduces the carrier recombination efficiency in the active region
induced by less overlap of electron hole wave functions [24]. Many studies have proposed
to solve this problem by applying nanostructures [25,26] or semi-polar and nonpolar
substrates [27,28]. The latter method is more promising since it eliminates the development
of an internal piezoelectric field by significantly lowering the lattice mismatch during
epitaxy. A novel 3D core-shell nanorod structure LED is proposed to form semi-polar and
nonpolar facets on the sidewalls of the nanorod, which can reduce the lattice mismatch
between the epitaxial layers and QCSE [29,30]. Core—shell nanorod LEDs have superior
characteristics to typical c-plane LEDs, such as higher brightness and improved light
extraction efficiency. The light-confinement effect induced by the total internal reflection of
the interface allows the nanorod structure to achieve directional light emission due to the
difference in refractive index between GaN and air [31]. In addition, the semi-polar and
nonpolar active regions show different polarization characteristics from c-plane LEDs and
hence a light source with a high degree of polarization is required in many applications.
Because of these potential advantages, 3D core-shell nanorod LEDs could be used in
wearable devices and micro-displays.

In this study, we sought to improve the degree of polarization of LEDs by integrat-
ing with the light resonance, the characteristics of photonic crystals, and analyzing the
differences between two different structures of core-shell nanorod LEDs. Based on the
structures, we ran the simulation of photonic crystals to investigate the characteristics of
the resonance mode generated by the photonic crystal. The 3D core—shell nanorod LED can
prevent wavelength shift and efficiency degradation while also producing a high degree of
polarization and high-directivity light emission by using resonant modes that improve the
degree of polarization.

2. Device Fabrication

The schematic process flow of the 3D core—shell nanorod LEDs is shown in Figure 1. To
combine the 3D core-shell structure with the nanorod LED, the Si3N4 and SiO; passivation
layer is deposited on the top and bottom of the nanorod, respectively.

The fabrication process flow begins with the growth of a 2.5 um undoped GaN on
a c-plane sapphire substrate by low-pressure metal organic chemical vapor deposition
(MOCVD) followed by a 2 pm n-type GaN (n-type GaN, [Si]~ 1 x 10? cm~3) growth. The
epitaxial structure is shown in Figure 1a. Secondly, SizNy is deposited on the n-GaN as
the upper passivation layer, as shown in Figure 1b, and then the nanoimprint lithography
process is applied to produce a nanorod array with a diameter of 650 nm, such as Figure 1c.
The pattern is transferred by using inductively coupled plasma - reactive ionic etching
(ICP-RIE). After the pattern is transferred twice, the 750 nm depth n-GaN core nanorod
array is formed, as shown in Figure 1d,e. Subsequently, SiO; and a thicker photoresist (PR)
layer are deposited on top to cover the nanorod array in Figure 1f. After, the deposition, the
thickness of PR is reduced and expose the SiO; on the sidewalls of the nanorod, as shown
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in Figure 1g. In this way, the selective removal of SiO; on the sidewalls of the nanorod was
achieved by buffer oxide etching. After the wet etching, the bottom passivation layer is
deposited, as shown in Figure 1h.
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Figure 1. Schematic process flow of 3D core—shell nanorod LED. (a) The epitaxial structure; (b) de-
posit Si3Ny on the n-GaN as passivation layer; (c) nanoimprint lithography process to produce a
nanorod array; (d,e) transfer the pattern by SiO, hard mask deposition; (f) deposit SiO, and a thicker
photoresist (PR) layer; (g) expose the SiO, on the sidewalls of the nanorod; (h) selective removal of
S5iO; on the sidewalls of the nanorod; (i) completed device.

In the meantime, the single-passivated template (only the bottom SiO, passivation
layer) was also prepared. Finally, MOCVD was applied to grow high quality five pairs of
InGaN/GaN multiple-quantum well (MQW), which is critical for a better device perfor-
mance. Finally, p-GaN ([Mg]~ 1 x 107cm~?) is then grown to finish the device process
flow. The finished core-shell nanorod structure LEDs are shown in Figure 1i.

3. Results and Discussion

The surface energy and the stability of surface atoms are the two most important
parameters influencing the growth rate of InGaN. The growth rate of InGaN on the SizNy
layer is slower because of the passivation characteristic of nitrogen atoms. The top passiva-
tion layer on the double-passivated template effectively inhibits the formation of InGaN on
the top of nanorods. As a result of reducing the area of the semipolar region and avoiding
the formation of the tip structure, the thickness of the MQWs grown on the semipolar and
nonpolar facets differs slightly. The thickness of InGaN and GaN grown on the semipolar
facet are 2.5 nm and 7.5 nm, respectively, with a thickness of 3 nm and 8 nm, respectively, on
nonpolar facets. The schematic diagram of the tip-free nanorod LED is shown in Figure 2a.
We use a high-resolution transmission electron microscope (HRTEM) and SEM to examine
the structure of nanorods, as shown in the inset of Figure 2b indicating the semipolar [1101]
and nonpolar [1100] facets. The tip-free core-shell nanorod LED’s light—current-voltage
(L-I-V) characteristics are shown in Figure 2c with a forward voltage of 3.15 V, and the
maximum output power is 18.9 mW. Figure 2d shows the plot between external quantum
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efficiency (EQE) as a function of injection current exhibiting a maximum EQE value of
7.49%. Figure 2e shows the EL spectrum versus different driving current from 40 mA to
120 mA. Moreover, the peak wavelength shift exhibits a blue-shift from 517.9 nm (40 mA)
to 505.8 nm (120 mA).
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Figure 2. (a) Schematic diagram of tip-free nanorod LED; (b) top-view SEM and TEM image of
tip-free nanorod LED; (c) L-IV characteristics; (d) EQE value as a function of injection current; (e) EL
spectrum versus different driving currents.

The polarization characteristics of two different nanorod LEDs are measured using
a photoluminescence (PL) system. The energy band splits due to anisotropic epitaxial
stress on the nonpolar and semipolar facets, and the intensity of different components in
the emission light varies. This results in a specific polarization direction of the emission
light, forming a polarized light source with the polarization measurement result shown
in Figure 3a. The intensity of the emission light varies depending on the polarizer’s
rotation angle, indicating that the light produced by the two devices has a specific degree
of polarization and a polarization direction. Here, we define the degree of polarization
(DOP, p) as
_ imax — ?m‘n (1)
max min
where [ is the intensity of the light. The degree of polarization of tip-free and tip samples
were found to be 0.545 and 0.188, respectively. The tip-free nanorod LED shows a higher
degree of polarization due to the higher proportion of nonpolar MQWs emission. We
established models based on the tip-free and tip nanorod LED and analyze the simulation
results. We observed that there is no difference in the resonance mode between tip and
tip-free samples since most of the energy is coupled in the nonpolar region, as shown in
Figure 3b. The goal of this research is to produce a high polarized and efficient light source.
As a result, the tip-free nanorod was chosen as the reference simulation model based on
the polarization measurement. Seven different fundamental modes can be identified at
the emission wavelength depending on the filling factor and the photonic crystal lattice
constant of the device. Fourier transform on the energy distribution of these modes were
applied in the near field to obtain the far field energy distribution. Then, Jones calculus
was used to calculate the changes in the far field energy distribution after passing through
the optical element. After passing through the polarizer with various rotation angles,
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the energy intensity of these modes is determined, and so the energy intensity of these
modes can be estimated. Finally, the enhancement trend of the degree of polarization was
observed, as shown in Figure 3c. The higher degree of polarization indicates the anisotropic
energy distribution on the emission plane, or in other words, the higher intensity difference
between the X direction and the Y direction. Therefore, the solved modes can be roughly
divided into two types: the high symmetry mode and the low symmetry mode, which
can be seen in Figure 3d,e. From the aspect of the mode characteristics, the mode with
lower energy distribution symmetry enables for an enhanced degree of polarization. On
the contrary, if the energy distribution of the modes is more symmetric, there is a relatively
low enhancement in the degree of polarization.
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Figure 3. (a) Polarization measurement result of tip and tip-free core-shell nanorod LED and
(b) simulated mode profile in the tip and tip-free structure; (c) polarization enhances trend between
different fundamental modes; (d,e) low symmetric mode profile and high symmetric mode profile.

Following that, we run a simulation of the divergence angle of the core-shell nanorod
LED. Since the refractive index of GaN is higher than that of air, according to Snell’s law,
the total internal reflection at the GalN/air interface causes part of the light to be confined
within the nanorods, resulting in directional far field emission. We have proved this effect
through the Finite-difference time-domain (FDTD) simulation of the nanorod array, as
shown in Figure 4a. From the FDTD simulation, we observed that the height of the nanorod
is related to the distance of the light confinement, as shown in Figure 4b. As the height of the
nanorod increases, the effect of the light confinement becomes better. The result of the light
field is shown in Figure 4c, and the effect of light confinement will saturate after a certain
distance. There is no obvious influence if the height of the nanorod continues to increase
after the saturation limit. The proposed GaN-based core—shell nanorod structure can reduce
the divergence angle ranging from 120 degrees to 56 degrees, showing a directional far field
emission. The calculated divergence angle results are summarized in Figure 4d showing
reduction with increase in nanorod height.
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Figure 4. (a) FDTD simulation of light confinement by core—shell nanorod structure; (b) simulation

results of the light confinement effect by the nanorod structure at different heights (H = 980 nm);
(c) light field pattern; (d) calculated divergence angle.

4. Conclusions

In summary, we investigated the characteristics difference between two different core—
shell nanorod LEDs. The tip-free nanorod LED effectively inhibits the growth of MQWSs on
the semi-polar region and increases the area of nonpolar MQWs on the sidewalls of the
nanorods by the top Si3Ny passivation layer. The higher degree of polarization from the tip-
free nanorod LED indicates the higher ratio of nonpolar MQWSs emission. Then, the effect of
the light-coupling mode in the photonic crystal on the degree of polarization enhancement
through numerical simulation was analyzed. Furthermore, the far field divergence angle is
calculated through FDTD simulation. Due to the light confinement of the GalN nanorod,
the divergence angle was reduced to 56 degrees. Using a 3D core—shell nanorod LED, a
high degree of polarization, as well as a small divergence angle for backlight applications,
can be achieved. This approach can be applied to a variety of different materials in the
future to develop more efficient and novel optoelectronic devices.
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