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Abstract: We demonstrate InGaN/GaN nanorod light emitting diode (LED) with significantly enhanced
emission efficiency. Our nanorod LED has been fabricated by top down approach using self-assembled Ni
nano-clusters as an etching mask during ICP etching. Nanorod LED has nowadays become very interesting to
the researchers because of it’s strain relaxation effect that induced in InGaN/GaN MQWs. Our nanorod LED
structure showed 9 nm (54meV) blue shift in peak emission wavelength compared to conventional LED which
confirms the strain relaxation in InGaN/GaN MQWs and 2.8 times PL intensity enhancement which reflects the
enhancement of internal quantum efficiency (IQE). Furthermore, extraction efficiency has been calculated using
FDTD simulation. Our simulation results showed extraction efficiency up to 80% for nanorod LED.
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I.  Introduction

Gan based blue light emitting diodes (LEDs) have attracted considerable interest in the development of
optoelectronic devices [1, 2]. Especially, InGaN/GaN multiple quantum well (MQW) are being used as the
active layers for optical devices such as light-emitting diodes (LEDs) and laser diodes (LDs). In the last two
decades, tremendous efforts have been spent on the development of LEDs, leading to commercialization.
However, InGaN/GaN materials still have inherent difficulties and further improvement in optical performance
is still essential to meet the requirements for replacement of conventional lighting source. One of the
fundamental limits results from internal electrical fields in InGaN/GaN MQWs induced by the large lattice
mismatch, leading to a significant reduction in optical efficiency. This is becoming even worse when the LEDs
are moving toward longer wavelength such as green spectral region [3-6] generating so-called “green gap”
phenomenon. Another factor is the high dislocation density (10°~10** cm?) of the epitaxial layer grown on the
heterosubstrate, leading to a debasing influence on the device performance [7]. InGaN/GaN nanorods have been
considered the most promising technique to reduce piezoelectric polarization by exposing the nonpolar planes
(m- or a-planes) [8-10]. Furthermore, the increased effective emission area obtained by stretching the length of
GaN nanorods can also potentially enhance the light output power [11]. For a more enlarged emission area,
highly ordered nanostructure arrays are of importance for mask templates in wafer scales. For GaN-based
nanoscale structures, so far, the GaN nanorods have been produced by various fabrication methods, such as
growth of InGaN/GaN multiple quantum nanocolumns/nanorods on Si substrate by radiofrequency (RF)
plasma-assisted molecular-beam epitaxy [12] or growth of single-crystal GaN nanorods by hybrid vapor-phase
epitaxy [13], synthesis using carbon nanotubes as templates [14], inductively coupled plasma-reactive ion
etching (ICP-RIE) without masks [15] or via e-beam patterned [16] nanorods, each with a relatively complicated
process. To simplify the patterning process, it is possible to produce self-assembled nickel (Ni) nano-cluster by
choosing the correct Ni layer thickness, annealing time and annealing temperature on top of the LED surface. In
addition, recent advances in fabricating nanoscale InGaN/GaN structures using bottom-up approaches have
enabled spectral tunability from blue to even red in the visible spectrum range by controlling the size of
nanorods (NRs) or the current density [17-18].

In this paper, we have fabricated InGaN/GaN nanorod LEDs by top-down approach. Self-assembled Ni
nano-cluster was used as an etching mask during ICP dry etching process. Our nanorod LED showed large blue
shift of PL intensity peak due to strain relaxation effects and significant improvement of photoluminescence
(PL) intensity which reflect the enhancement of internal quantum efficiency. Furthermore, extraction efficiency
has been calculated using FDTD simulation software.

Il.  Fabrication Procedure
For nanorod LED fabrication, first self-assembled Ni nano-cluster is adopted. Fabrication of self-
assembled Ni nanomasks [19], which in not only simple to control but also cheap in formation compared to the
holographic lithography technique [20]. For Ni cluster formation first we deposited Ni film on the LED surface
followed by rapid thermal annealing (RTA).
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A typical RTA operating system consists of three phases: (1) rapid heating to the desired operating
temperature, (2) the processing phase, in which temperature is held constant and (3) rapid cooling to ambient
conditions.

An energy balance on the wafer in the RTA chamber gives
7l
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Where p, C and T are the wafer density, specific heat and temperature, t is the time and
0y » . and g, are the heat transfer rates by conduction, convection and radiation, respectively.
First Ni film thickness, RTA temperature and time under N, ambient were optimized for getting perfect
Ni nano-clusters surface. Ni film of different thicknesses was first deposited by E-beam evaporation on LEDs
surfaces and then rapid thermal annealed at different temperature and time. Perfect Ni cluster can formed by

depositing 3nm thick Ni film followed by rapid thermal annealed at 850°C for 30s. Top view SEM image of Ni
cluster surface is shown in Fig.1.
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Fig. 1. SEM images of 3nm thick Ni film after RTA at 850°C, N, ambient for 30s.

After formation of perfect Ni clusters, this surface was used as an etching mask during ICP dry etching
process. Nanorod InGaN/GaN MQW was fabricated by using ICP etching under gas flow of Cl, (20sccm) and
BCl; (10sccm) for 160s. The cross sectional and top view SEM images are shown in Figure 2(a) and 2(b)
respectively. The average diameter of our nanorod was ranging from 200-300 nm and height of the rod was
about ~435nm. After that residual Ni nano-cluster was removed by dipping the samples into aqua regia
(3HCI:HNO3).
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Fig. 2 (a) The cross sectional SEM image of Nanorod LED (b) Top view of Nanorod LED surface.

I1l.  Results and Discussions
3.1 Enhanced PL intensity
Our nanorod LED fabricated using the above approach exhibit significant improvement in
photoluminescence (PL) intensity. As shown in Fig. 3 PL intensity enhanced significantly in case of our
nanorod LED. There is about 2.8 times enhancement in light intensity observed in nanorod LED compared to
planar structure. The enhanced PL intensity can be mainly attributed to a significant increase in internal
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quantum efficiency (IQE). In addition, such nanorod structure provides a larger surface area and more pathways
which can lead to a reduction in total internal reflection (TIR) effect, thus increasing light extraction efficiency.
Moreover, the emission peak from the nanorod sample shows a clear blue-shift of about 9 nm (54meV)
compared to the planar LED sample. It is well-known that there exists strong strain-induced piezoelectric fields
exerted across InGaN/ GaN MQWs, causing so-called quantum confined Stark effect (QCSE) and thus
generating a red-shift in emission peak which is the main drawback for green to red emission LED fabrication.
The optical pumping induced blue-shift in emission peak which occurs to our InGaN/GaN nanorod structure
confirms that the strain has been relaxed as a result of fabrication into nanorod structure.
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Fig. 3. Photoluminescence (PL) intensity of planar and nanorod LED.

3.2 FDTD Simulation model and Enhanced Extraction Efficiency

After observing the Strain relaxation and enhanced PL intensity experimentally, we have used FDTD
simulation software to optimize light extraction efficiency (LEE). FDTD simulation is based on Maxwell’s curl
equations exist to simulate light extraction. The FDTD method offers many significant advantages for
simulation, including a full-wave solution, finely controlled accuracy via the size of the simulation grid and
steps, and accounting of all optical phenomenons of reflection, refraction, and diffraction. Fig. 4 shows the
schematic cross sectional view of nanorod LED simulation structure.
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Fig 4. Schematic cross sectional view of nanorod LED simulation model.

In the simulation, the thickness of the n-GaN layer is fixed at 2200 nm, the refractive indices of the
sapphire substrate, the GaN layers, and the InGaN MQW layers are 1.78, 2.5, and 2.55, respectively. The radius
of the rods was varied. The refractive index of the transparent conductive layer (TCL) material is chosen to be
2.0 which is the refractive index of Indium-tin-oxide (ITO).
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Fig 5. Extraction efficiency of nanorod LED at different diameters of nanorod.

In the FDTD simulation, a single point source polarized in the in-plane direction was positioned at the
center of the INnGaN MQW layers. In the simulated nanorod LED structure, light emitted from the center of rods
escapes through either the sapphire substrate or the encapsulated materials above the nanorods. In the FDTD
computational domain as shown in Fig 4, there are two detection planes for propagating electromagnetic waves.
At the top detection plane, the LEE through the encapsulated material (top emission) and at the bottom detection
plane the LEE through the sapphire substrate (bottom emission) is calculated.

In Fig. 5, the LEE for a single nanorod LED is plotted as a function of the diameter of rod. Here, the
height of the nanorod is fixed at 500 nm and fill factor is fixed at 0.5. LEE is defined as the fraction of emitted
power out of the LED surface to the emitted power from the MQW, which is determined by the ratio of pointing
vectors integrated over the extraction surface to the integrated pointing vectors over the MQW. As shown in Fig.
5, there is a periodic behavior for both top and bottom emission of the LEE which relates the existence of
resonant modes inside the nanorod. Since the nanorod structure can be regarded as a cylindrical resonant cavity,
a resonant mode in the radial direction is created at specific values of the rod radius. The radial mode has a large
wave vector component in the radial direction, so it cannot be guided along the nanorod and easily escapes from
the rod without undergoing total internal reflection. Therefore, the emission LEE reaches its local maximum
values whenever the radial mode appears inside the rod at specific rod radii. The periodicity of the rod radius for
maximum efficiency is about 72 nm, roughly corresponding to A/27z, where A4 is the wavelength of light in
vacuum. Fig. 6 implies the pointing vector intensity distribution of planar and nanorod LEDs. This clearly
shows the increased intensity distribution in nanorod LED compared to planar one.
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Fig. 6. FDTD simulated pointing vector intensity distribution of (a) planar and (b) nanorod LED configuration.
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IV.  Conclusion

Nanorod LED has also been fabricated by using self-assembled Ni nano-cluster as a mask during ICP
etching. PL intensity of nanorod LED showed 2.8 times enhancement than the planar LED which reflects the
enhancement of internal quantum efficiency. PL intensity emission peak blue shifted to 9nm (54meV) for
nanorod LED compared to planar LED due to the suppression QCSE and strain relaxation in MQW. FDTD
simulation was carried out for extraction efficiency of both top and bottom emissions of nanorod LEDs.
Simulation result of nanorod LEDs showed a periodic behavior for maximum extraction efficiency with
periodicity of rod radius 72nm for both top and bottom emissions. Extraction efficiency was calculated up to
80% for nanorod LEDs. Thus, nanorod LEDs is expected to be a good candidate for future LED development.
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