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Abstract In this work, light-extraction enhancement induced
by localized surface plasmons (LSPs) on asymmetrical design
of metallic nanoparticles (NPs) for AlGaN deep-ultraviolet
(UV) light-emitting diodes (LEDs) is investigated numerical-
ly. The systems under study consist of Al NPs with varying
diameter separated by a nano-gap, and the symmetrical dimer
NPs with different geometrical parameters are studied for ref-
erence. We have demonstrated that tunable plasmonic NPs
and spectral response can be controlled by varying the size
of the nanoparticles and nano-gaps. It is found that the en-
hancement of the electric field and the peak position are sub-
ject to geometrical characteristics of the NP components in
different manners for symmetrical and asymmetrical systems,
respectively. High enhancement ratio for UV wavelength can
be obtained by tuning parameters of asymmetrical system,
which is potential for improving the performance of deep-
UV LEDs.
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Introduction

The AlGaN-based deep-ultraviolet light-emitting diodes
(deep-UV LEDs, radiation with a wavelength ranging from
200 to 350 nm) have given much attention for their various
applications, such as fluorescence-based sensing, high density
optical data storage, and biological detection [1–3]. It has
reported that deep-UV LEDs at a wavelength of 280 nm with
the upper limit of internal quantum efficiency (IQE) as high as
70 % [4]. However, one bottleneck in the adoption of deep-
UV LED is the relatively low efficiency of these devices,
which is limited by low light-extraction efficiency (LEE)
caused by total internal reflection and dominant TM-
polarized spontaneous emission [5, 6].

It is well known that some nanoparticles (NPs) could lead to
a localized surface plasmon resonance (LSPR) phenomenon, an
effect that produces collective oscillations of a nanoparticle’s
conduction band electrons, resulting in strong peaks in extinc-
tion spectra, as well as strong enhancement of the local electro-
magnetic fields surrounding the NPs [7, 8]. In other words, the
radiating dipole transfers energy into the surface plasmon (SP)
for emission, analogous to amplified spontaneous emission. SP
coupling is particularly useful for increasing emission efficiency
of a light-emitting device of inherent low IQE. In addition, it is
noted that SP can also have influence on LEE besides the afore-
mentioned effective IQE increase in a device [9].

Recent advances in fabrication technologies have made it
possible to synthesize all kind of particles with different sizes
and geometries, which exhibit wide range of potential appli-
cations such as highly sensitive optical nanosensors, biochem-
istry, and solar cells [10–12]. Previous researches have dem-
onstrated that the LSPR is sensitively and intimately related to
particles’ sizes, geometries, interparticle spacings, composi-
tions, and location environments [13–15]. There are a lot of
studies that have reported the LSPR resonance position could
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be regulated at a wide spectroscopic range by only changing
the sizes of the metallic NPs [16]. Taguchi et al. reported that
the LSPR peaks were changed from 340 to 270 nm only by
varying the size of Al nanostructures from 80 to 50 nm in UV-
LED [17], and Henson et al. demonstrated that the measured
PL enhancement factors are strongly dependent on the NP
array dimensions [18].

In this work, we numerically investigate the enhanced LEE
performance through the energy transfer between quantum
wells (QWs) and localized surface plasmons (LSPs) induced
by nanoparticle embedded in deep-UV LEDs based on
AlGaNmaterials. To the best of our knowledge, relevant work
previously published mainly focused on nano-metallic struc-
tures with uniform geometry, such as large uniform arrays or
films. Different from previous studies, our work features
breaking uniformity of the system and including tuning of
asymmetrical structures besides symmetrical ones, in order
to demonstrate asymmetrical nanostructures would be poten-
tial for improving the deep-UV LEDs’ performance.

Structures and Simulation

It is well known that uncoupled SPs resonance energy of
Aluminum (Al) approaches the photon energy emitted by
AlGaN-based deep-UV LED, so the Al NPs are employed
in this work. Unlike noble metals, Al is easily oxidized when
exposed to the atmosphere; therefore, Al/Al2O3 core-shell
based nano-components were designed in our calculation
[19], the thickness of the Al2O3 shell is about 3 nm for the
simulation according to previous report [20]. The nano-Al/
Al2O3 core-shell structure system under investigation is com-
posed of a pair of Al/Al2O3 components (particle shapes) de-
posited on the surface of p-GaN layer. The active region (QWs
and barrier) of a typical DUV-AlGaN LED is a few nanome-
ters thick, and by varying the Al composition in the AlGaN
quantumwells and barriers, its emission peak can slightly shift
around 300 nm. In this numeric investigation, for calculating
the extinction spectra, the incident wave was excited by a
plane wave source at a given position under the NPs to prop-
agate from the infinite half-space substrate in the total-field
scattered-field. A dipole source has been used to simulate the
photon generation process inside AlGaN multiple quantum
wells (MQWs) for the calculation of LEE. Both source wave-
lengths were set with a bandwidth around 200 nm and center-
ing at 300 nm, which is wide enough to cover the entire line-
width in general deep-UV LEDs [21, 22].

The SP fringing field penetration depth into GaN medium
is given by

L ¼ λ
2π

εRGaN þ εRAl
ε2GaN

� �1
2

ð1Þ

Where εRGaN and εRAl are the real part of the dielectric con-
stants of the GaN and Al, respectively. In this study, the GaN
medium is set with dielectric constant of 6.25. The penetration
depth L was estimated to be 33.5 nm for QW-SP coupling at
the wavelength of 300 nm for a UV-LED.

The LEE for a LED is defined as the fraction of the optical
power generated in the active layer of the LED that escapes
into the air above the LED within a desired range of angles,
which can be calculated by

LEE ¼ γrad
γrad þ γloss

ð2Þ

where γrad denotes the decay rate of the excitations to photons
that can be extracted from the LED device; γloss is the photons
that can be lost in the LED device including photons absorbed
in lossy material, trapped by total internal reflection (TIR) in
high index layers and so on.

The schematic cross section of the system is shown in
Fig. 1. The closely packed two nano-Al/Al2O3 particles lie
on the p-GaN with diameters d1 and d2 are separated by a
gap D. The 20-nm-thick p-AlGaN electron blocking layer
(EBL) is positioned below the 10-nm-thick p-GaN layer to
enable LSP coupling. Then followed by five AlGaN
MQWs, the thickness of QWs is set at 8 nm, and refractive
indices of AlGaN and GaN are 2.1 and 2.4, respectively. The
dipole polarized parallel to the surface (TE-polarized dipole)
is set at the midpoint of their geometrical center connecting
line, which is the position in the center of AlGaN QWs. The
spatial nonuniform-grid finite difference time domain (FDTD)
method is worked for saving the computational memory. For
accurate representation of rapidly changing SP field, the max-
imum grid size is fixed as 1 nm, which is an adequate size to
resolve the strongly localized field distribution in view of
limited computational capacity. For accurate exquisite field
distribution, the grid size in medium and sub-cells with finer
size are deployed at certain positions as necessary. To simulate
the infinite extension of the background environment, the en-
tire region is placed by perfectly matched layer (PML) condi-
tions on all the sides, and the whole system is merged into air
with dielectric constant. Monitors are set up for the storage of

Fig. 1 Schematic diagram of the asymmetrical structure for simulation
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EM field data during iteration as well as the total radiation
power is obtained by integrating the power flux through the
monitor box surrounding the dipole source. And the extracted
power is calculated by integrating the power flux through the
monitor plane above the p-GaN surface.

Results and Discussion

The simulated extinction spectra of a single Al/Al2O3 NP are
shown in Fig. 2. All spectral peak positions of the plasmonic
resonance occur in the UV region with the diameters of Al/
Al2O3 NPs vary from 10 to 100 nm. Each curve has two or
more peaks. Moreover, the Al NP size plays an important role
on the spectral peak positions of the LSPR, the highest peak
position shifts from 184 to 214 nm as the diameter of Al/
Al2O3 NP increases from 30 to 100 nm. This would be ex-
plained by that the sized NPs vary in the SP absorption wave-
length contributes to overlapped with different frequency.
Moreover, the resonance amplitude enhances with increasing
the diameter of Al/Al2O3 NP. It has reported that larger Al NPs
could excite more electromagnetic energy due to their large
absorption cross sections, higher polarizabilities, and larger
radiative rates [23], thus resulting in higher resonance
intensities.

Figure 3 shows the LEE enhancement ratio as a function of
wavelength for two identical nano-Al/Al2O3 particles closely
separated by a fixed gap D = 10 nm. All the enhancement
peaks are controlled in the bandwidth of typical deep UV-
LED, and the LEE of a deep UV-LED is generally enhanced
when Al/Al2O3 particles are used. The highest enhancement is
obtained at d1 = d2 = 90 nm with a peak position at about
264 nm. It can be found that the enhancement peaks on the
curves red shift from 220 to 276 nm as the diameter of Al/

Al2O3 particles increase from 20 to 100 nm, correspondingly,
and the magnitude of enhancement ratios are simultaneously
increased. The enhancement of LEE would be relevant to the
self-coupling of SPs on NPs, and further increased diameter of
the NPs could result in stronger self-coupling of SPs, which
renders invalidation of SP energy-momentum dispersion rela-
tion [24]. It is noted that the magnitude of enhancement ration
is declined for NPs diameter exceeding 90 nm, which is at-
tributed to that larger metal particles dissipation can cause SP
loss.

In order to verify the enhancement induced by SPs reso-
nance, E-field intensity distribution (log10|E|

2, evaluated at the
peak wavelengths) on the slice cutting through spherical centers
in parallel with x-y plane around two identical Al/Al2O3 parti-
cles with diameter of (a) 30 nm, (b) 50 nm, (c) 70 nm, and (d)
90 nm are showed in Fig. 4, in all of which enhanced SP reso-
nant field can be observed on the surfaces of nanoparticles. The
distribution of E-field intensity around the particles has a radi-
ally symmetric shape and shows the highest value on the equa-
tor plane, which is an evidence for the SPs resonance when Al/
Al2O3 particles are used. The comparison ofmagnitude of the E-
field intensity distribution can also be distinguished by the pro-
files that the identical NPs with a diameter of 90 nm (shown in
Fig. 4d) reveal the highest peak intensity and largest area of high
intensity region, which is in good agreement with the curves of
LEE enhancement ratio in Fig. 3.

Figure 5 depicts the LEE enhancement ratio under an incident
wave from200 to400nmfor asymmetrical dimerwhichcontains
two nano-Al/Al2O3 particles closely separated by a fixed gap
D = 10 nm, various asymmetrical dimer with different diameters
are designed to investigate the effect of the nanoparticle diameter
on the LEE enhancement. It can be seen that the LEE enhance-
ment ratio reaches the highest value at 261 nm,with an enhance-
ment ratioof7.43atd1=80nmd2=90nm.Thewavelengthof the
maximum enhancement ratio shows a 3-nm blue shift compared

Fig. 2 Normalized extinction spectra of a single Al/Al2O3 core-shell
nano-sphere

Fig. 3 Enhancement ratio of LEE as a function of wavelength for two
identical nano-Al/Al2O3 particles separated by a fixed gap D = 10 nm
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with the symmetrical nano-Al/Al2O3 particles with diameters
fixed at d1 = d2 = 90 nm. It also can be found that the maximum
peak points on the curves show a red shift from228 to 288 nm as
thediameterofasymmetricaldimerincreasesfromthed1=20nm,
d2 = 30 nm to d1 = 100 nm, d2 = 110 nm. Moreover, the peak

wavelength of the highest enhancement ratio is about 265 nm,
with an enhancement ratio of 7.08 for the two particles with di-
ameter of d1 = 80 nm and d2 = 95 nm (not shown here). As
observed, the magnitude of enhancement ratio is generally

Fig. 5 Enhancement ratio of LEE as a function of wavelength for
asymmetrical nano-Al/Al2O3 particles with different diameters

Fig. 4 E-field profiles (log10|E|
2) distribution on the x-y plane for

simulation system with two identical Al/ Al2O3 particles with diameter
of a 30 nm b 50 nm c 70 nm, and d 90 nm, respectively

Fig. 6 E-field profiles (log10|E|
2) distribution on the x-y plane for

simulation system with two asymmetrical dimers a d1 = 30 nm,
d2 = 40 nm; b d1 = 50 nm, d2 = 60 nm; c d1 = 70 nm, d2 = 80 nm; and
d d1 = 90 nm, d2 = 100 nm, respectively

Fig. 7 Enhancement ratio of LEE as a function of wavelength for
asymmetrical dimer with fixed d1 = 50 nm and D = 10 nm
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increasedwith thediameter of asymmetrical dimer, however, and
further to improve the diameter thus reduce the peak position’s
enhancement ratio, which showed a similar trend with the sym-
metry system. The E-field distribution has been simulated to ex-
plain the enhancedperformance of the asymmetrical dimer struc-
tures. Figure 6 shows the E-field intensity distribution (log10|E|

2,
evaluated at the peak wavelengths) on the slice cutting through
spherical centers in parallel with x-y plane around two asymmet-
rical dimer with diameter of (a) d1 = 30 nm, d2 = 40 nm; (b)
d1 = 50 nm, d2 = 60 nm; (c) d1 = 70 nm, d2 = 80 nm; and (d)
d1 = 90 nm, d2 = 100 nm, in all of which enhanced SP resonant
field can be observed by the same phenomenon as aforemen-
tioned. Enhanced SPs resonant field can also be seen on the sur-
faces of the NPs, and the intensities are at the same level.
However, it is evident that the profiles feature asymmetrical field
distribution, inwhichhigher intensity region is constrainedon the
surface of nanoparticle with larger diameter in each pair.

Asymmetrical dimer systems are also investigated by
tweakingdiameter of oneNPvarying from20 to100nmwhereas
keepingtheotheroneconstantat50nm.Asmentionedbefore, the
wavelengthof thehighestLEEenhancement ratiowithasymmet-
rical dimer structure (d1 = 80 nm, d2 = 90 nm) showed 3-nmblue
shift comparedwith two identical nano-Al/Al2O3particleswhich
diameters are fixed at d1 = d2 = 90 nm.Motivated by the desire to
comprehend the phenomena, we calculated the peakwavelength

of the highest LEE enhancement ratio when the diameters of the
one nanoparticle are kept fixed to d1 = 50 nm and the other are
varied from 20 to 100 nm. In Fig. 7, we illustrate the variation of
the LEE enhancement ratio against the nanoparticle structures
which the gaps are fixed at D = 10 nm. It can be seen that the
LEEenhancement ratio isalways larger than150%in thespectral
range of 200–400nm.Even though theLEE is enhanced in those
spectral ranges, the peak wavelengths of the highest LEE en-
hancement ratio are different. When the size of one nanoparticle
is fixed at 50 nm, the wavelength of the maximum enhancement
ratio shows blue shift with the diameter of the other nanoparticle
increases to 40 nm. Further increasing the diameter of the other
nanoparticle to 100 nm, the peak wavelength of the highest LEE
enhancement ratio then shows a red shift. The highestmagnitude
of enhancement ratio is generally lower than that in Figs. 3 and 5,
which could be explained by theMie scattering.

In order to investigate the influence of the gaps on the LEE
enhancement ratio. Two nano-Al/Al2O3 particles with differ-
ent size separated by a gap distance from 4 to 24 nm were
designed, and the diameters of the two particles are fixed at 50
and 60 nm, respectively. In Fig. 8, we illustrate the enhance-
ment ratio of LEE as a function of wavelength for asymmet-
rical nano-Al/Al2O3 particles with different gaps. It is clear
that the intensity increases monotonically with the decrease
of the inter-sphere gap. The inset plots the peak wavelength of
the LEE enhancement ratio as a function of the gap, and the
peak wavelength of the LEE enhancement ratio varies linearly
with the gap. In view of these observations, we can conclude
that the asymmetrical metallic dimer structure has excellent
spectral tenability by varying the diameters and gap distance
of the nanoparticles. This opens up a number of opportunities
for applications where sensitive spectral response against the
system parameters for deep-UV LEDs.

Conclusion

In conclusion, SP resonance-enhanced LEE inducted by nano-
Al/Al2O3 particles based on deep-UV light-emitting diodes is
numerically investigated. The enhancement is achieved by
nano-Al/Al2O3 particles systems consist of two symmetrical
and asymmetrical dimers. The peak position and the

Fig. 8 Enhancement ratio of LEE as a function of wavelength for
asymmetrical nano-Al/Al2O3 particles with different gaps

Table 1 LEE enhancement information for Al/Al2O3 NPs

Structures Symmetrical dimer Asymmetrical dimer

Under research geometries (nm) d1 = d2 = 20 ~ 100 d1 = 20 ~ 100, d2 = d1 + 10 d1 = 50, d2 = 20 ~ 100

Highest enhancement ratio/wavelength (nm) 7.50/λ = 264 7.43/λ = 216 5.29/λ = 251

Highest enhancement geometry (nm) d1 = d2 = 90 d1 = 80, d2 = 90 d1 = 50, d2 = 90

Peak position range (nm) 220 ~ 276 228 ~ 288 234 ~ 267

D = 10 nm, the thickness of Al2O3 is 3 nm, LEE enhancement and peak position depends strongly on the size of the NPs
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enhancement magnitude level of symmetrical as well as asym-
metrical systems are compared, as shown in Table 1. It can be
found that the enhancement level as well as peak position of
the strong enhancement are subject to the change of geometry
of NPs. For the symmetrical systems, increasing the diameter
of two identical nano-Al/Al2O3 particles can lead to the in-
crease of enhancement magnitude and shifting of peak posi-
tion; however, the magnitude of enhancement ration is de-
clined for NP diameter exceeding 90 nm. As for asymmetrical
systems, by changing the radius of one of the NPs, a distinct
shift is observed. The peak position shows blue shift firstly
when the diameter of one NP increases to same as another NP
and then shows red shift when the diameter is further in-
creased. It is also shown that LEE enhancement and peak
position depends strongly on the size of the nano-gap. It is
believed that the fabrication of size-tunable Al NP arrays can
potentially be applied to the design of practical LSP-enhanced
AlGaN-based deep UV-LEDs with high LEE.
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