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A novel surface-plasmon-enhanced GaN-LED is proposed to improve the emission efficiency of the
traditional LED. The SiO2 film, Ag triangular structure and ITO film were coated on the rectangularly-patterned p-GaN layer sequentially, which can form the quasi-symmetrical waveguide structure to enhance the internal quantum efficiency and the light extraction efficiency. The COMSOL
software is used to simulate the LED structure. The radiated powers, absorbed powers and distribution of electric field are obtained and analyzed. The results reveal that emission efficiency of the
proposed GaN-LED can be greatly improved.
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1. Introduction
GaN based light-emitting diodes (LEDs) are widely used in lighting, communication
and other fields because of their advantages such as small size, high efficiency and
high reliability [1– 4]. But for now, the application of LED in home lighting is far less
popular than the traditional light source. This is mainly due to the large difference in
refractive index between GaN and air. The total reflection of light at the interface causes
most of the light to be reflected and cannot be effectively emitted, and finally converted
into thermal energy. As a result, only a small fraction of the light can be converted into
the usable optical power radiation. This makes the light extraction efficiency greatly
reduced, and the LED is always in a high temperature working state, shortening its service life. In addition, Fresnel reflection can also cause some loss of light, resulting in
a decrease in light extraction efficiency. Therefore, designing a LED structure, reducing
the thermal energy loss inside the LED, and improving the light extraction efficiency
will be an important breakthrough in solving energy utilization problems. The integration of surface plasmons (SPs) and LED provides a good approach to achieve LED de-
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vices with higher efficiency and higher modulation bandwidth. In 2004, OKAMOTO et al.
deposited three different metal layers (including Ag, Al and Au) on InGaN quantum
wells (QWs), and systematically studied the SPs coupling enhanced luminescence.
The enhancement effect of the metal layer on the emission efficiency of the LED is
fully verified. Their results showed that the enhancement effects of different metals
are different, wherein the Ag metal layer has the most obvious effect and can achieve
a maximum enhancement effect of 14 times. Subsequently, the group studied the coupling distance between the metal layer and the active layer, and finally verified that
the SPs coupling belongs to the near-field effect. The larger the distance between the
metal layer and the active layer, the less obvious the near-field effect is [5]. In 2005,
OKAMOTO et al. redesigned the experiment to investigate the relationship between
SPs coupling and the spontaneous emission rate of the internal excitons, and finally
verified the enhancement effect of SPs on the spontaneous emission rate of the excitons
in the LED [6]. In 2007, the OKAMOTO team continued to expand the research object
to metal gratings, and designed a sub-wavelength metal grating structure on the surface
of the metal layer [7]. When a sub-wavelength metal grating is added, the efficiency
of SPs conversion to light can be improved. In addition, the metal grating structure can
control the SPs radiation, to exit in the direction of 21°. In 2007, YEH et al. studied the
effect of ohmic contact on the enhancement of SPs [8]. The results show that the presence of ohmic contact will consume a large portion of the SPs energy. Therefore, when
designing the LED structure, it is necessary to add an insulating layer structure to eliminate the influence of ohmic contact, thereby obtaining better emission efficiency.
Compared with the metal film structure, the advantages of metal particles are more
obvious. After the metal particles are excited, a localized surface plasmon (LSP) is generated, which has a high scattering rate and an adjustable resonance frequency. In 2008,
YEH et al. fabricated an Ag nanoparticle array structure on the surface of the p-GaN
layer by a special process, making full use of the coupling of LSP, so that the LED obtained a 120% enhancement effect [9]. In 2010, in order to further reduce the distance
between the metal particles and the active layer, CHO et al. embedded the metal particles
into p-GaN within 30 nm of the active layer, which greatly reduced the distance between the metal particles and the active layer, and ultimately increases the emission
efficiency of the LED by 38% at normal current [10]. However, this method greatly reduces the quality of the p-GaN material and affects the electrical characteristics of the
LED device. In 2011, CHO et al. improved the above method to introduce the SiO2 nanodisk into the structure of the LED device, thus avoiding the influence on the LED characteristics and further increasing the emission efficiency of the LED by 72% [11].
In 2010, SHEN et al. studied the effects of the SiO2 on polarized output of a LED with
SP coupling, and proved that the intermediate SiO2 layer can effectively improve the
emission efficiency of LED [12]. In 2010, KAO et al. proposed a SP-enhanced GaN
-based LED with Ag nanotriangle array by nanosphere lithography, which can provide
a reliable method for making Ag nanotriangle structure [13]. In 2013, ZHANG et al. proposed a SP-enhanced GaN-LED based on the quasi-symmetrical planar waveguide
structure and a SP-enhanced GaN-LED based on a multilayered M-shaped nano-grating,
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and the light extraction efficiency in those structures are effectively improved [14, 15].
In 2014, ZHU et al. proposed a SP-enhanced GaN-LED based on the multilayered rectangular nano-grating, which can further enhance the emission efficiency of the LED [16].
In 2018, YAO et al. fabricated a metal grating on the top of the LED, using a certain grating
period to compensate for its momentum mismatch, greatly enhancing the coupling effect
between SPPs and QWs, thereby improving the luminous performance of the LED [17].
In 2020, HONG et al. used the colloidal Ag nanoparticles to carry out the aerodynamic
spraying experiments, which proved the dependence of LSPs-enhanced near-ultraviolet LED on the thickness of p-GaN spacer. After the introduction of the colloidal
Ag nanoparticles, 10 and 20 nm thick p-GaN spacers can increase the internal quantum
efficiency and reduce its effective exciton lifetime, and its internal quantum efficiency
increased by 18.8% and 24.2%, respectively [18].
In this paper, we demonstrate a novel surface-plasmon-enhanced GaN-LED. Our
structure contains a SiO2 film of low refractive, an Ag layer and an ITO layer of high
refractive coated on the rectangularly-patterned p-GaN layer sequentially. The Ag layer is used to induce SPs and enhance the internal quantum efficiency. The SiO2 film
can suppress the absorption loss of SPs, and further improve the light extraction efficiency and the SPs extraction efficiency. The ITO layer can be used as a buffer layer
of LED for its high light transmittance and conductivity. In addition, the ITO layer and
the SiO2 film on both sides of the Ag layer can form a quasi-symmetric waveguide
structure, which can extend the near-field distribution range of the local electric field,
reduce the loss and absorption of the metal to the SPs, and improve the extraction efficiency of the SPs.

2. Fabrication
The comparison structure and the novel structure are shown in Figs. 1a and 1b, respectively. Firstly, a 400-nm-thick n-GaN layer, an InGaN(3 nm)/GaN(5 nm) multilayer QWs (with a center wavelength of 460 nm), and a 120-nm-thick p-GaN layer
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Fig. 1. The comparison structure (a), and the novel structure (b).
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(a = 120 nm) are deposited on a sapphire substrate. To make the comparison with the
novel structures, the surface of the p-GaN is covered with an anode Al2O3 mask
(300 nm), and the nano-grating structure is etched on the surface of the p-GaN layer by
inductively coupled plasma (ICP) etching, the etching depth of the nano-grating structure
is 90 nm, the distance between the grating ridge and the QW is 30 nm (H = 30 nm), and
the duty ratio is 1/3. For fabricating the comparison structure, a SiO2 film, an Ag film,
and an ITO film are deposited on the nano-patterned p-GaN layer sequentially, as
shown in Fig. 1a. The period of the nano-grating structure is T1, the thicknesses of the
SiO2 film, Ag film and ITO film are h1, d1 (d1 = 20 nm), and l1, respectively. For fabricating the novel structure, a SiO2 film, an Ag triangle structure and an ITO layer
are deposited on the nano-patterned p-GaN layer sequentially, as shown in Fig. 1b.
The period of the nano-grating structure is T2, the thickness of SiO2 film is h2, the
height of the Ag triangle structure is d2, the thickness of the center of the ITO layer is l2.

3. Theory
Under the action of an external electromagnetic field, the GaN-Ag periodic grating
structure can cause polarized electron oscillation of a specific wavelength [19], and
induce the surface plasmon resonance. The dispersion relation is expressed by the following equation:
ε1 ε2
ω
- = k sp
k sin θ  ng = -------- -------------------c
ε1 + ε2

(1)

where k sin θ is the horizontal wave vector of the incident light, g = 2π / T is the grating
Bragg vector, T is the grating period, ksp is the wave vector of SPs, n is the diffraction
order, ε1 and ε2 are the permittivity of air and Ag, respectively.
The SPs is induced by the attenuated wave generated inside GaN. Due to the total
reflection of light on the upper surface of GaN, a part of attenuated wave will penetrate
to the lower surface of the Ag film at the interface between GaN and Ag. When kx is
coupled with ksp , the plasmon resonance on the lower surface of the Ag film can be
induced [20, 21]. The relationship is expressed as follows:
ε1 ε2
ω
ω
- = k sp
k x = -------- ε 3 sin θ = -------- -------------------c
c
ε1 + ε2

(2)

where ε3 is the permittivity of GaN, kx is the horizontal wave vector of the attenuated
wave.
For traditional LEDs, the relationship of the internal quantum efficiency ηint and
external quantum efficiency ηext are expressed as
k rad
η int = ----------------------------------k rad + k non-rad

(3)
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(4)

where Cext is the light extraction efficiency, and krad and knon-rad are the radiation recombination rate and the non-radiation recombination rate of the electron/hole pairs
in QW, respectively.
For surface-plasmon-enhanced GaN-LEDs, the relationship of internal quantum
efficiency η'int and external quantum efficiency η'ext are as follows [22]:
k rad + k spp
1 – η int
η'int = ---------------------------------------------------- = 1 – -------------------Fp
k rad + k spp + k non-rad

(5)

C ext k rad + C spp k spp
η'ext = ---------------------------------------------------k rad + k spp + k non-rad

(6)

where kspp represents the coupling rate of the QW and SPs; Cspp represents the extraction efficiency of SPP; the Purcell factor Fp represents the quantification of the internal
quantum efficiency enhancement effect. And Fp = (krad + kspp + knon-rad)/(krad + knon-rad).
According to Eqs. (5) and (6), when η'int , Cext, and Cspp increase simultaneously, the
emission efficiency of the LED will be significantly improved.
Coupling rate kspp is derived from Fermi’s golden law:
2π
2
k spp = --------- d  E  a  ρ  hω 
h

(7)

where h represents the reduced Planck constant, d represents the momentum of the
electron–hole pair, a represents the position of the metal and semiconductor interface
relative to QWs, E(a) represents the electric field intensity where SPs are generated,
and ρ  hω  represents the SP state density.
A strong local electric field can be generated around SPs, providing a high ρ  hω ,
which will cause a surge in kspp. At this time, the relationship between kspp, krad and
knon-rad is as follows: kspp >> krad + knon-rad. The greater the E(a), the greater the kspp,
the higher the internal quantum efficiency. Therefore, we can use the appropriate metal
materials, metal shapes, metal sizes, metal arrangement spacing, and the spacing between
the metal and QWs to improve the internal quantum efficiency of the LED. The novel
LED structure designed in this paper uses an Ag triangle structure to excite SPs, and
the excited SPs can be strongly coupled with QWs, thereby improving the internal
quantum efficiency of the LED.
In this paper, the proposed LED structures are numerically simulated by COMSOLTM
-RF Module. The simulation setup diagrams of the comparison structure and the novel
structure are shown in Figs. 2a and 2b, respectively. The parameterized scanning function is used to analyze the SP mode, radiated power (RP), absorbed power (AP) and
electric field distribution of the LED structures. A scattering boundary condition is set
at the bottom boundary of the p-GaN to simulate incident light of different directions
and different wavelengths, and the wavelength of the incident light is denoted by λ.
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Fig. 2. The simulation setup diagram. (a) The comparison structure, and (b) the novel structure.

A perfect matching layer is provided in the z-axis direction to simulate infinitely extending air, and Floquet periodic boundary conditions are set in the x direction and
the –x direction. The RP and the AP are obtained by integrating the air layer and the
Ag layer, respectively. The x-, y-, and z-axes represent the position coordinates of the
LED structure and the color bar represents the magnitude of the electric field intensity.
The refractive indices of GaN, SiO2, ITO, and air are 2.5, 1.5, 2.0, and 1, respectively,
and the refractive indices of SiO2 and ITO are from the data sheet [23]. The permittivity
of Ag can be calculated according to
λ2 λc
ε m  λ  = ε mr + i ε mi = ε  – -----------------------------λ 2p  λ c + iλ 

(8)

where λp represents the plasmon wavelength of the metal, λc represents the resonant
wavelength of the metal, and its unit is meter. For Ag: ε = 5.8, λp = 1.4541 × 10–7 m,
λc = 1.7614 × 10– 6 m.

4. Simulation results and numerical analysis
For the comparison structure, the influence of the period (T2), the thickness of SiO2 (h1)
and ITO (l1) on the emission efficiency are studied. Since the incident light cannot directly induce the SPs, the grating structure can cause polarization electron oscillations
of a specific wavelength to provide an additional horizontal wave vector for the excitation
of the SPs. Therefore, the grating period has a significant effect on the induced SPs, and
the SPs can be effectively induced when the grating period is within a certain range. At
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the same time, the grating period can also affect the escape angle of GaN and improve
the light extraction efficiency. First, the RP and AP at different periods of T1 are shown
in Fig. 3a for the case of h1 = 20 nm, d1 = 20 nm, l1 = 20 nm, λ = 460 nm. The subgraph
in Fig. 3a can clearly show the peak value of T1 in the range of 140–160 nm, and the
RP and AP reach the highest peak at the same time when T1 = 149 nm. The RP and AP
at different thickness of h1 are shown in Fig. 3b for the case of T1 = 149 nm, d1 = 20 nm,
l1 = 20 nm, λ = 460 nm, and the RP and AP reach the highest peak at the same time
when h1 = 20 nm. The RP and AP at different thickness of l1 are shown in Fig. 3c for
the case of T1 = 149 nm, h1 = 20 nm, d1 = 20 nm, λ = 460 nm, and the RP and AP reach
the highest peak at the same time when l1 = 20 nm. The RP and AP at different wavelengths of λ are shown in Fig. 3d for the case of T1 = 149 nm, h1 = 20 nm, d1 = 20 nm,
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Fig. 3. (a) The RP and AP at different period T1. (b) The RP and AP at different thickness of h1. (c) The RP
and AP at different thickness of l1. (d) The RP and AP at different wavelength. (e) The distribution of
the electric field at the wavelength of 449 nm. (f ) The distribution of the electric field at the wavelength
of 460 nm. (a) h1 = 20 nm, d1 = 20 nm, l1 = 20 nm, λ = 460 nm, (b) T1 = 149 nm, d1 = 20 nm, l1 = 20 nm,
λ = 460 nm, (c) T1 = 149 nm, h1 = 20 nm, d1 = 20 nm, λ = 460 nm, (d) T1 = 149 nm, h1 = 20 nm, d1 =
= 20 nm, l1 = 20 nm, (e) T1 = 149 nm, h1 = 20 nm, d1 = 20 nm, l1 = 20 nm, λ = 449 nm, and (f) T1 =
= 149 nm, h1 = 20 nm, d1 = 20 nm, l1 = 20 nm, λ = 460 nm.
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Fig. 3. Continued.

l1 = 20 nm, and the RP and AP reach the highest peak at the same time when λ = 460 nm.
When T1 = 149 nm, h1 = 20 nm, d1 = 20 nm, l1 = 20 nm, λ = 460 nm, the RP and AP
reach the highest peak, the SPs and QW are strongest coupled and the light extraction
efficiency reaches the maximum. The distribution of the electric field at the wavelength
of 449 and 460 nm are shown in Fig. 3e and 3f, respectively.
For the novel structure, the influence of the period (T2), the thickness of SiO2 (h2),
the height of the Ag triangle structure (d2) and the thickness of the center of the
ITO layer (l2) on the emission efficiency are studied. First, the RP and AP at different
periods of T2 are shown in Fig. 4a for the case of h2 = 17 nm, d2 = 20 nm, l2 = 10 nm,
λ = 460 nm. The subgraph in Fig. 3a can clearly show the peak value of T2 in the range
of 150–165 nm, and the RP and AP reach the highest peak at the same time when
T2 = 156 nm. The RP and AP at different thicknesses of h2 are shown in Fig. 4b for
the case of T2 = 156 nm, d2 = 20 nm, l2 = 10 nm, λ = 460 nm, and the RP and AP reach
the highest peak at the same time when h2 = 17 nm. The RP and AP at different heights
of d2 are shown in Fig. 4c for the case of T2 = 156 nm, h2 = 17 nm, l2 = 10 nm, λ =
= 460 nm, and the RP and AP reach the highest peak at the same time when d2 = 20 nm.
The RP and AP at different thicknesses of l2 are shown in Fig. 4d for the case of T2 =
= 156 nm, h2 = 17 nm, d2 = 20 nm, λ = 460 nm, and the RP and AP reach the highest
peak at the same time when l2 = 10 nm. The RP and AP at different wavelength of λ
are shown in Fig. 4e for the case of T2 = 156 nm, h2 = 17 nm, d2 = 20 nm, l2 = 10 nm,
and the RP and AP reach the highest peak at the same time when λ = 460 nm. When
T2 = 156 nm, h2 = 17 nm, d2 = 20 nm, l2 = 10 nm, λ = 460 nm, the RP and AP reach
the highest peak, the SPs and QW are strongest coupled and the light extraction efficiency reaches the maximum, and the emission efficiency is nearly 4 times that of the
comparison structure. The distribution of the electric field at the wavelength of 460 nm
is shown in Fig. 4f. Compared with the comparison structure, the Ag triangle structure
introduced by the novel structure can further enhance the coupling between SPs and QWs,
and can also improve the light extraction efficiency and the emission efficiency reaches
the maximum.
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Fig. 4. (a) The RP and AP at different period T2. (b) The RP and AP at different thickness of h2. (c) The RP
and AP at different height of d2. (d) The RP and AP at different thickness of l2. (e) The RP and AP at
different wavelength. (f ) The distribution of the electric field at the wavelength of 460 nm. (a) h2 = 17 nm,
d2 = 20 nm, l2 = 10 nm, λ = 460 nm, (b) T2 = 156 nm, d2 = 20 nm, l2 = 10 nm, λ = 460 nm, (c) T2 = 156 nm,
h2 = 17 nm, l2 = 10 nm, λ = 460 nm, (d) T2 = 156 nm, h2 = 17 nm, d2 = 20 nm, λ = 460 nm, (e) T2 = 156 nm,
h2 = 17 nm, d2 = 20 nm, l2 = 10 nm, (f ) T2 = 156 nm, h2 = 17 nm, d2 = 20 nm, l2 = 10 nm, λ = 460 nm.

The work [24] proposed a high emission efficiency SPs-enhanced GaN-based LED,
in which an ITO layer is deposited on a trapezoidal p-GaN layer and a periodic Ag grating
is fabricated on the top of the ITO layer. Compared with the work [24], the SiO2 layer
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and ITO layer introduced in the novel LED designed in this paper can form a quasi-symmetrical waveguide structure, which further improves the internal quantum efficiency
and light extraction efficiency of the LED. In addition, the metal Ag at the bottom of the
p-GaN groove in the novel LED is closer to QWs, the coupling between SPs and QWs
is stronger, and the internal quantum efficiency is higher. Therefore, the novel LED in
this paper will have more advantages in improving the emission efficiency of LEDs.

5. Conclusions
In this paper, the novel structure mainly contains a SiO2 film, an Ag layer and an ITO
layer coated on the rectangularly-patterned p-GaN layer sequentially. The Ag layer can
induce SPs and enhance the internal quantum efficiency. The SiO2 film can suppress
the absorption loss of SPs, and further improve the light extraction efficiency and the
SPs extraction efficiency. The ITO layer can be used as a buffer layer of LED for its
high light transmittance and conductivity. The SiO2 film, Ag layer and ITO layer can
form a quasi-symmetric waveguide structure, which can extend the near-field distribution range of the local electric field, reduce the loss and absorption of the metal to
the SPs, and improve the extraction efficiency of the SPs. At the same time, we designed a comparison structure for comparative analysis. The COMSOL software is
used to simulate and calculate these LED structures based on the finite element method.
The radiated powers, the absorbed powers and the distribution of the electric field are
obtained and analyzed. The results reveal that the emission efficiency of the novel
GaN-LED can be increased to nearly 4 times compared with the comparison structure.
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