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Abstract: Nanowire photonic crystal (PhC) structure is one of promising approaches to
enhance vertical light extraction efficiency (LEE) of ultraviolet light emitting diodes (UV
LEDs). There are lots of investigations to study the structure of nanowire UV LEDs by
using the finite-difference time-domain (FDTD) method. The optimal LEE are obtained by
using some optimization algorithms. However, it needs a broad window, not the best values
of geometrical parameters of nanowires in practical fabrication. In this paper, the vertical
LEE of UV LEDs are theoretically enhanced by selecting the band gaps of AlGaN-based
nanowire PhC structure. It illustrates that all the gaps can inhibit the horizontal propagation
of light. However, the inhibiting ability of Gap 1 are weaker than them of Gap 2 and Gap
3. The reason is that the radii of nanowires in Gap 1 are too small to support enough
guided modes. As a comparison, both Gap 2 and Gap 3 can efficiently inhibit the radiated
mode propagation, and finally enhance the vertical LEE. In addition, the variations of height,
number, and refractive index of nanowires on vertical LEE and optical band gaps are
discussed. This work has benefits for the practical production of nanowire PhC UV LEDs.

Index Terms: Nanowire, photonic crystal, light extraction efficiency, ultraviolet light-emitting
diodes.

1. Introduction

Ultraviolet light emitting diodes (UV LEDs), especially deep UV LEDs, have been attracted a lot of
attention due to its wide applications. However, the light extraction efficiency (LEE) of UV LEDs is
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still limited by several factors, such as poor material quality, transverse magnetic (TM) polarization,
low Mg-dopant incorporation, and so on. Among them, the unique TM polarization is one of main
issues to prevent the light extraction from the top of UV LEDs. Some approaches such as surface
plasmon [1], metallic grating [2], microstructure [3] and nanowire structure [4] have been developed
to enhance the LEE of UV LEDs. Recently, AlGaN-based nanowire as a promising approach to
enhance the LEE of UV LEDs has been developed. AIGaN nanowire has been reported that it can
be grown with nearly free defects and have an excellent p-type doping property [5]. The nanowires
with periodic spatial distribution can be used to fabricate a photonic crystal (PhC) structure [6].
By using an optical band gap of PhC, the TM emission propagating in the horizontal direction
can be inhibited and coupled with guided modes inside the nanowire [7], [8]. The finite-difference
time-domain (FDTD) method are used by many achievements. For example, Mehrdad Djavid et
al. achieved a lateral LEE of 70% by optimizing the nanowire size, nanowire spacing, and p-GaN
thickness [4]. M. Djavid et al. calculated the impact of material absorption on the LEE of nanowire
UV LEDs [9]. Ronghui Lin et al. found the LEE of nanowire UV LEDs could be increased to 24.3%
with a tapering angle of nanowire due to the breaking of symmetry in the vertical direction [10].
Xianhe Liu et al. theoretically designed a nanowire PhC UV LEDs with optimal nanowire radius and
spacing to achieve a high top LEE over 90% [7]. Pengwei Du et al. designed two kinds of nanowire
UV LEDs to modify the LEE: a flip-chip nanowire UV LEDs with top PhC and a nanowire UV
LEDs with transparent graphene electrode [6], [8]. Using some optimization algorithm, like particle
swarm optimization, are convenient to achieve a higher LEE [4]. However, in real-world fabrication,
it needs broad windows, not some best values of geometrical parameters of nanowires to fabricate
PhC structure. Thus, it is necessary to discuss the efficient range of geometrical parameters. In this
paper, it is found that the devices which geometrical parameters in both Gap 2 and Gap 3 of PhC
have a relatively higher top LEE than them in Gap 1. It is attributed to an increase of guided modes
inside the nanowires in Gap 2 and Gap 3. Additional studies in this paper are about the impacts of
heights and numbers of nanowires on top LEE. Since an AlGaN nanowire can be considered as a
light cavity, a growth of height of nanowire can causes mode resonance inside the nanowire and
make the top LEE changed periodically. On the other hand, an increase of the number of nanowires
can enhance the top LEE too. The reason is that, on the whole, the extra additional lights from the
increasing nanowires are more than the escaped lights from the nanowires at the edge of devices.
Thus, these studies have a great benefit to fabricate AIGaN nanowire PhC UV LEDs.

2. Simulation Setup

The simulations in this paper are calculated by a free and open-source software package MEEP
which is based on the FDTD method and is developed by MIT [11]. The FDTD method employs
finite differences as approximations to both the spatial and temporal derivatives that appear in
Maxwell’s equations, as shown in (1) [12], [13]. Here, ¢ is the permittivity, and n is the permeability
of the material. o€ is the electric conductivity. E,, E,, and E, are the scalar electric field in a Cartesian
coordinate system. H, H,, and H, the scalar magnetic field in a Cartesian coordinate system.

O _ 1 (oK, _ H e H _ 1 (9E _ 9E e
at — & \ay 5z —OoxEx). ¢ = e \ 3y 57 +OoxE
0E, _ 1 (dH, _ 3H, e aH, 1 (9E _ 3E e
d=sm % —98) F=—u% - Ft+oE (1)
E, _ 1 (M _ dH e M 1 (& 9E e
at <3x 3y o;E), = L \x oy +0,E

Fig. 1 shows the simulation region of PhC UV LEDs in x-y plane and the cross-section in
y-z plane. The PhC UV LEDs are fabricated by a hexagonal lattice array of AIGaN nanowires.
In most situations in this paper, the height of nanowires is 1 um, and the number of nanowires in
each line is 11. The number of all the nanowires are 11 x 11. The radii and spacing of nanowires
are normalized by the spacing and wavelength respectively for universal applications. To focus
on the geometrical parameters of nanowires, the nanowire LEDs does not have other functional
layers such as substrate, metal electrode, reflector, and so on. Each nanowire is comprised of a
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Fig. 1. The schematic diagram of FDTD simulation regions in the (a) x-y plane and (b) y-z plane. The
red arrows point at the position of the cross-section in the y-z plane. a is the spacing of photonic
crystal. ris the radius of the nanowire. The box monitors around the source are used to calculate the
dipole source power. The large monitors next to the PML are used to calculate the LEE. Other detailed
explanations for each part are in the legend.

unique material of AlGaN, which refractive index is 2.45 [4]. It is well-known that the active layers
of LEDs consist of multiple AlGaN layers with different Al compositions. And these Al compositions
correspond to the refractive index of these AlGaN layers. Thus, the impacts of refractive index of
AlGaN layers will be discussed too. As shown in Fig. 1, a dipole source is located at the center of
the device with TM polarization and random phase. The source spectrum is fitted with a Gaussian
distribution, which center wavelength is 280 nm and the corresponding full width at half maximum
(FWHM) is 10 nm. For a higher accuracy, there are 20 points per minimum wavelength in this
discretized FDTD world. The monitors which are next to the perfectly matched layers (PML) are
utilized to calculate the power propagating through a specific plane. The small box monitor around
the dipole source is utilized to calculate the source power. To calculate the LEE defined as (2),
all the powers through monitors are normalized by the source power. For example, the top LEE
represents the normalized power propagating through the area of top monitor. And the side LEE is
the sum of four lateral LEE around the device. The total LEE is the sum of top LEE and side LEE.
The boundary layers around the simulation region are perfectly matched layers (PML) which are
used to absorb outgoing waves. The region size is changed with the number of nanowires.

_ Monitor power

LEE = ———
Source power

@)

The band structure of PhC corresponding to the dispersion relation of AlGaN is calculated by
MPB which is one of softwire packages in MEEP [14]. The equation on magnetic field H(r) in
Maxwell equations can be combined in (3) which is treated as an eigenvalue problem. Thus,
the magnetic field H(r, t) = H(r)e~™'is a harmonic mode as a mode profile times a complex
exponential. Then, according to the electromagnetic variation theorem [15], the smallest eigenvalue
w?/c? of (3) and its harmonic mode can be obtained by a minimization process. After the smallest
eigenvalue, the following eigenvalues are obtained by iterating the minimization process until the
photonic band structure of PhC are formed.

1 w\?2
V x (mv x H(r)> - (E) H(r) 3)

Due to a large index difference between the material and the surroundings, an AlGaN nanowire
can be treated as an optical waveguide. According to the optical waveguide theory [16], the number
of guided modes inside the nanowire can be obtained by solving their eigenvalue equations. Here,
(4) is for HE,,, and EH,,, guided modes. Equation (5) is for TEy,, guided modes. And 6 is for
TMs,, guided modes. HE,,,, EH,.., TEom, TMs,, are different types of guided modes. n; and ngy
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Fig. 2. The photonic band structure of the nanowire PhC for the in-plane propagation with TM polariza-
tion. The arrows point at the different photonic bands. There are three band gaps in the band structure.
The special points at the center, face, and corner in the irreducible zone are known as I', M, and K.

are the refractive indexes of material and surroundings respectively. k is the wave vector. g; is the
propagation constant of the /" guided mode. J, is the Bessel function of the first kind, and K, is
the modified Bessel function of the second kind. U; and W; are dimensionless modal parameters
defined by U; = r(k®ns — p2)"/? and W; = r(8% — k®ng)"/2. Vis the waveguide parameter defined by
V =2rr/xo (7 —n3)'/2. ris the radius of nanowire. i is the light wavelength in the free-space.
Exact solution for each guided mode can be found in our previous work [17].
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3. Results and Discussion

Fig. 2 shows the photonic band structure of nanowire PhC. Here, a is the spacing of PhC, r is
the radius of nanowire, 1 is the wavelength of light. And k; is the component of wave vector k in
horizontal direction. Assume a normalized radius of a nanowire r/a is 0.35. It is shown in Fig. 2
that there are three photonic band gaps in the band structure. Gap 1 is located between Band 1
and Band 2. Gap 2 is located between Band 3 and Band 4. Gap 3 is located between Band 6
and Band 7. According to the properties of photonic band gap, when a normalized frequency is
in a gap, the amplitude of light propagating inside the PhC would decay exponentially [15]. The
frequency a/x is normalized to the speed of light in a vacuum. It illustrates that these gaps can be
used to suppress the propagation of light in the horizontal plane, and to couple the radiated modes
with guided modes inside the nanowire, and finally to enhance the vertical LEE of UV LED [18].
However, do these three gaps have same efficiency for preventing the light horizontal propagation?
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Fig. 3. (a) The gap map for TM polarization, the red lines correspond to the range in Fig. 3(b). (b) The
top and (c) the side LEE ranges vary with the normalized frequencies which cross these three band
gaps. The color bar represents the range of each band gap.

Fig. 3(a) shows a gap mapping corresponding to normalized frequency a/A and normalized
radius r/a. It is shown that all the edges of gaps decrease in normalized frequency a/x as r/a
increases. It can be explained that, since the normalized frequency scales as 1/,/¢ in a medium
of dielectric constant ¢ , and as r/a increase, the average dielectric constant of material increases
[15]. On the other hand, since the nanowires are contacted with each other as r/a is at 0.5, all
the gaps become narrow and eventually disappear. By using the gap mapping, it is convenient to
design the geometrical parameters of PhC. For example, assume the geometrical parameters of
desired PhC in Gap 1. The wavelength of light is 280 nm. The normalized frequency and radius are
chosen at 0.4 and 0.3 respectively. Then the spacing ais 112 nm calculated by 280 x 0.4. And the
radius of nanowire is 33.6 nm calculated by 112 x 0.3. Subsequently, these calculated geometrical
parameters of PhC can be checked by the FDTD method.

Fig. 3(b) and (c) show top and side LEE of PhC UV LEDs corresponding to three red lines
crossing gaps in Fig. 3(a). These red lines are chosen randomly. The normalized radii r/a of red
lines in Gap 1 and Gap 2 are 0.3, and it is 0.35 in Gap 3. There are three phenomena needed
to be discussed. Firstly, Fig. 3(c) shows that all the side LEE outside gaps are much higher than
them inside the gaps. It means all the gaps have an ability to prevent the horizontal propagation of
light. At the same time, the corresponding top LEE in gaps are higher than them outside the gap.
It means that those inhibiting light in horizontal direction are coupled with the modes in vertical
direction by gaps. Secondly, the side LEE of both Gap 2 and Gap 3 are much lower than them in
Gap 1. As a contrast, the top LEE of both Gap 2 and Gap 3 are much higher than them in Gap
1. It illustrates that the inhibiting ability of Gap 1 is weaker than Gap 2 and Gap 3. Thirdly, the top
LEE does not increase or the side LEE does not decrease as a/) increases in each gap, but the
highest top LEE or the lowest side LEE is at the center of each gap. Thus, it is necessary to have
a detailed study as follow.

Fig. 4(b)—(d) show the field profiles of three devices which geometrical parameters correspond
to the highest top LEE in each gap in Fig. 3(b). The normalized frequencies a/x are at 0.4, 0.66
and 0.86 respectively in Fig. 4(b), (c), and (d). The wavelength A is 280 nm. Then, the radii of
nanowires are 33.6, 55.44 and 84.28 nm respectively calculated by r/a x a/x x A. It is observed
in field profiles that, as the radii of nanowires grow, the radiated modes in horizontal direction
decrease, and the guided modes along the axis of nanowire increase. It can be explained by the
optical waveguide theory [16], [19]. The number of guided modes are calculated by solving their
eigenvalue equations. Fig. 4(a) shows that the number of guided modes increases with the growth
of radius. Thus, a nanowire with bigger radius supports more guided modes to couple with radiated
modes. So, the devices which parameters in Gap 2 and Gap 3 have more light escaped from the
top face. As a comparison, the devices which parameters in Gap 1 cannot support enough guided
modes to couple with those radiated modes. So, the top LEE in Gap 1 are much lower than them
in Gap 2 and Gap 3. And the side LEE in Gap 1 are much higher than them in Gap 2 and Gap 3.
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Fig. 4. (a) The number of guided modes increases with the growth of radius. The field profiles of three
devices in the y-z plane correspond to the highest top LEE in each gap in Fig. 3(b). The corresponding
normalized frequencies a/ are (b) 0.4, (c) 0.66 and (d) 0.86, respectively.

However, it seems that the variation of LEE inside each gap does not obey the optical waveguide
theory. As the radius grows, there is a peak top LEE or a valley side LEE inside every gap. This
phenomenon can be explained by the variation of field profiles. Fig. 5 shows the variations of field
profiles corresponding to the red line on Gap 2 in Fig. 3(a). It has been mentioned that Gap 2
locates between the Band 3 and Band 4. Since the red line on Gap 2 is larger than the range of
corresponding gap, Fig. 5(a) and (b) show the field distribution in Band 3 and Band 4 respectively.
It can be observed that, as a/x increases, the intensity of guided modes inside nanowire becomes
stronger gradually. Particularly the radiated modes nearly disappear when a/ is at 0.66. With the
continuous growth of a/A, the radiated modes become stronger and the guided modes become
weaker. It illustrates that, although the radiated modes are inhibited by the optical gaps, they are
still affected by the optical bands next to the gaps. The center position of a gap, which is far away
both two side bands, corresponds to the strongest inhibiting ability. This phenomenon can also
be observed in the far-field distribution obviously as shown in Fig. 6. When a/x is at 0.66, those
radiated modes in horizontal direction almost disappear. As a contrast, the intensity in vertical
direction are relatively strong. However, no matter a/x increases or decreases from the center of
a gap, the radiated modes in horizontal direction appear gradually. Thus, when the normalized
frequency a/x of light locates in the middle of a gap, the guided modes inside the nanowire have
the highest coupling efficiency.

For a fair comparison, Fig. 7 shows LEE mappings in all gaps corresponding to gap mappings
in Fig. 3(a). The range and step of data is shown in Table 1. It is shown that most top LEE in
Gap 2 and Gap 3 are higher than them in Gap 1. At the same time, most side LEE in Gap 2 and
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Fig. 5. The field profile of PhC in the y-z plane with the variation of normalized frequency a/i. The
various normalized frequencies are (a) 0.60, (b) 0.62, (c) 0.64 (d) 0.66, (e) 0.68, (f) 0.70. The range of
the normalized frequency covers Gap 2. The normalized radius is 0.3. The wavelength is 280 nm.

TABLE 1

The Range of the Values for LEE Mappings in Fig. 7

r/a band edge of a/2 Chosen ranges of a/A step of a/2
0.1 0.5336-0.5747 0.52-0.58 0.02
0.2 0.3924-0.5351 0.38-0.54 0.02
Gap 1
0.3 0.3253-0.4363 0.30-0.46 0.02
0.4 0.2926-0.3449 0.28-0.36 0.02
0.3 0.6089-0.6893 0.60-0.70 0.02
Gap 2 0.35 0.5529-0.6632 0.54-0.68 0.02
0.4 0.5149-0.5935 0.50-0.60 0.02
0.32 0.8833-0.9216 0.86-0.94 0.02
Gap 3 0.35 0.8297-0.9067 0.80-0.94 0.02
0.38 0.7846-0.8351 0.76-0.86 0.02

Gap 3 are lower than in Gap 1. It illustrates that a major portion of geometrical parameters in both
Gap 2 and Gap 3 is more suitable to enhance vertical LEE than them in Gap 1. However, as shown
in Fig. 7(d), most total LEE in Gap 1 are near the unit and much higher than them in Gap 2 and
Gap 3. Considering the concept of total LEE in this paper, it can be explained that the rest of light
in Gap 2 and Gap 3 propagates toward the substrate of devices as down LEE shown in Fig. 7(c).
Thus, to modify top LEE in Gap 2 and Gap 3, some reflective layers on substrates are necessary
[20].
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Fig. 6. The far-field distributions of PhC in the y-z plane with the variation of normalized frequency a/x.
The geometrical parameters are the same with them in Fig. 5. The various normalized frequencies are
(a) 0.60, (b) 0.62, (c) 0.64 (d) 0.66, (e) 0.68, (f) 0.70. The range of the normalized frequency covers
Gap 2. The normalized radius is 0.3. The wavelength is 280 nm.

The impacts of nanowire height on LEE are discussed. Fig. 8(a) shows that top LEE have a
fluctuating increase, and the side LEE decease at the same time. It can be explained by the mode
profiles in Fig. 8(b)-(c). Due to total internal reflection (TIR) at the AlGaN/air interface, a nanowire
can be treated as a Fabry-Perot resonant cavity. Fig. 8(c) shows that, when the height of nanowire is
at 1.4 um, the intensity inside the nanowire is weakened by the resonance. As a contrast, when the
height is at 1.5 um, the intensity obviously strengthen. The resonance is related to the propagation
phases of guided modes. The phase difference between mode phases is affected by the light path.
The light path is decided by the length of the cavity [21]. Thus, the growth of cavity length makes the
intensity of the resonance changed periodically. On the other hand, the growth of height increases
the lateral surface area of nanowire. As a result, it increases few lateral emission of light. Thus, as
height grows, the side LEE has an increasing trend, and the top LEE decrease slowly.

The impacts of number of nanowires are discussed. Fig. 9(a) and (b) show the variation of top
and side LEE related to the number of nanowires in each line in PhC. As the number of nanowires
increases, the side LEE decrease slowly, and the top LEE increase at the same time. It is easily
understood that an addition of the number nanowires increases the scattering of light in horizontal
direction. For a practical comparison, there is a dipole source at the center of each nanowire.
It means that, the number of dipole sources equals to the number of nanowires. The results of
multiple dipole sources simulations are shown in Fig. 9(a)-(b). The top LEE with multiple dipole
sources are lower than them with a single dipole source. At the same time, the side LEE with
multiple dipole sources are higher than them with a single dipole source. The reason is that, the
radiated modes emitted from the nanowires near the edges of device cannot be efficiently inhibited
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Fig. 8. (a) The top and the side LEE changes with the growth of the height of nanowire. The field profiles
in the y-z plane are at the heights of (b) 1.4 um and (c) 1.5 um. The normalized frequency a/x of 0.66
and the normalized radius of 0.3 corresponds to the lowest side LEE in Gap 2, as shown in Fig. 3(b).

by the photonic band gap. Consequently, there are always some radiated modes escaping from the
lateral side of device. The side LEE with multiple dipole sources are obviously higher than them
with single dipole source. Fortunately, as the number of nanowires increases, the side LEE with
multiple dipole sources decrease, and the top LEE enhances, which is similar with them with a
single dipole source. The reason is that the extra additional lights are more than the escaped lights
from the nanowires at the edge of devices on the whole. So the increase of number can efficiently
weaken the surface effects on LEE.
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Fig. 9. (a) The top LEE and (b) the side LEE change with the growth of the number of nanowires. The
single dipole source means there is one dipole source inside the device. The multiple dipole sources
mean there is a dipole source inside each nanowire. The nanowire number here is the number of
nanowires in each line. The normalized frequency, the normalized radius, and the wavelength are 0.66,
0.3, and 280 nm, respectively. (c) The optical band gap mapping changes with an increase of refractive
indexes of AlGaN layers.

The impacts of refractive index are discussed. It is known that an ultraviolet LEDs contain multiple
AlGaN-based layers with various Al compositions. The changed Al compositions of AlGaN layers
lead to a variation of refractive index. Fig. 9(c) shows the band gap mappings changed with an
increase of refractive indexes of AlGaN layers. The range of refractive indexes are chosen from
2.2t0 3.2 [22], [23]. It illustrates that, assuming the wavelength of light and the spacing of PhC are
fixed, the radii of nanowires decrease as the refractive index increases corresponding to a same
point in a gap. It can be explained by the concept of waveguide parameter V = 27 r/iq(n? — n3)"/2.
A higher refractive index of material ny increases the corresponding waveguide parameter. And
both the waveguide parameter V and nanowire radius r are in proportion to the number of guided
modes. Thus, the increase of refractive index leads to a decrease of the waveguide parameter,
and then the nanowire radius. As a whole, all the gaps move toward down in gap mappings. On
the other hand, considering the difference of refractive indexes of AlGaN multiple layers, the gap
overlap at different indexes may be a better choice to enhance the top LEE. This situation will be
study in the future.

4. Conclusion

All the photonic band gaps of nanowire PhC can inhibit the horizontal propagation of light and
enhance the vertical LEE of UV LEDs. However, the inhibiting ability of Gap 1 is obviously weaker
than them of both Gap 2 and Gap 3. The reason is that the radii of nanowires in Gap 1 are too
small. As a result, there are not enough guided modes inside the nanowires to couple with the
radiated modes. Thus, the nanowires in Gap 2 and Gap 3 are more suitable to design a PhC
structure of UV LEDs. Nevertheless, a reflected layer between the nanowires and substrate are
still necessary to prevent the absorption of substrate. In addition, as a growth of nanowire height,
the top LEE fluctuates widely due to the resonance, and decreases gradually due to the increase
of lateral surface area. The top LEE also enhances with the increase of the number of nanowires
since the extra additional lights are more than the escaped lights from the nanowires at the edge
of devices on the whole. Thus, more nanowires inside PhC UV LEDs have benefits to achieve a
higher vertical LEE. This work can be treated as guidelines for the practical production of nanowire
PhC UV LEDs.
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