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A novel surface-plasmon-enhanced GaN-LED is proposed to improve the emission efficiency of the
traditional LED. The SiO, film, Ag triangular structure and ITO film were coated on the rectangu-
larly-patterned p-GaN layer sequentially, which can form the quasi-symmetrical waveguide struc-
ture 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 distri-
bution 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 ser-
vice 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 integra-
tion 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, OxAMOTO 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 cou-
pling 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 OxaMOTO 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 pres-
ence 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 elim-
inate 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 gen-
erated, 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 ob-
tained 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 be-
tween 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 re-
duces the quality of the p-GaN material and affects the electrical characteristics of the
LED device. In 2011, CHo ef al. improved the above method to introduce the SiO, nano-
disk into the structure of the LED device, thus avoiding the influence on the LED char-
acteristics and further increasing the emission efficiency of the LED by 72% [11].
In 2010, SHEN et al. studied the effects of the SiO, on polarized output of a LED with
SP coupling, and proved that the intermediate SiO, layer can effectively improve the
emission efficiency of LED [12]. In 2010, Kao0 ef al. proposed a SP-enhanced GaN
-based LED with Ag nanotriangle array by nanosphere lithography, which can provide
areliable method for making Ag nanotriangle structure [13]. In 2013, ZHANG et al. pro-
posed 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, Znu et al. proposed a SP-enhanced GaN-LED based on the multilayered rec-
tangular nano-grating, which can further enhance the emission efficiency of the LED [16].
In2018, 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-ultra-
violet LED on the thickness of p-GaN spacer. After the introduction of the colloidal
Agnanoparticles, 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 SiO, 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 lay-
er is used to induce SPs and enhance the internal quantum efficiency. The SiO, film
can suppress the absorption loss of SPs, and further improve the light extraction effi-
ciency 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 SiO, 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 ef-
ficiency of the SPs.

2. Fabrication
The comparison structure and the novel structure are shown in Figs. 1a and 1b, re-

spectively. Firstly, a 400-nm-thick n-GaN layer, an InGaN(3 nm)/GaN(5 nm) multi-
layer QWs (with a center wavelength of 460 nm), and a 120-nm-thick p-GaN layer

ITO

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 Al,O; 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 (4 = 30 nm), and
the duty ratio is 1/3. For fabricating the comparison structure, a SiO, 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 7, the thicknesses of the
Si0, film, Ag film and ITO film are 4, d, (d; = 20 nm), and /;, respectively. For fab-
ricating the novel structure, a SiO, 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 75, the thickness of SiO, film is 4,, the
height of the Ag triangle structure is d,, the thickness of the center of the ITO layeris /,.

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 fol-
lowing equation:

2] €18

ksinf £ ng = = kg (1)
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where ksin@ is the horizontal wave vector of the incident light, g = 2x/ T is the grating
Bragg vector, T'is the grating period, £, is the wave vector of SPs, n is the diffraction
order, ¢, and &, 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 £, is
coupled with kp, the plasmon resonance on the lower surface of the Ag film can be
induced [20, 21]. The relationship is expressed as follows:
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where & is the permittivity of GaN, £k, is the horizontal wave vector of the attenuated
wave.

For traditional LEDs, the relationship of the internal quantum efficiency #;,, and
external quantum efficiency 7, are expressed as

krad (3)

Tine = krad tk

non-rad
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Mext = Cext Mint (4)

where C.,, is the light extraction efficiency, and k4 and k.4 are the radiation re-
combination 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 #;,, and external quantum efficiency 7/, are as follows [22]:

k. +k 1—n.
7 i,nt _ rad spp - 1- Mint ( 5)
krad + kspp + knon—rad F p
7 o CeXt krad + CSPP kspp ( 6)
Xt
¢ krad + kspp + knon-rad

where kg, represents the coupling rate of the QW and SPs; Cgp,, represents the extrac-
tion efficiency of SPP; the Purcell factor £ represents the quantification of the internal
quantum efficiency enhancement effect. And F, = (kraq + kspp + knon-rad)/(krad + Knon-rad)-
According to Eqs. (5) and (6), when 75}, Cq, and Cg,, increase simultaneously, the
emission efficiency of the LED will be significantly improved.

Coupling rate kg, is derived from Fermi’s golden law:

kgp = 2l - E(@)p(h) )
where 7% 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 p(/iw) represents the SP state density.

A strong local electric field can be generated around SPs, providing a high p(%w),
which will cause a surge in kg,,. At this time, the relationship between kg, k4 and
Knon-rad 18 as follows: kg, > ki, + Kyon rag- The greater the E(a), the greater the kg,
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 func-
tion 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 /.
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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 ex-
tending 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, SiO,, ITO, and air are 2.5, 1.5, 2.0, and 1, respectively,
and the refractive indices of SiO, and ITO are from the data sheet [23]. The permittivity
of Ag can be calculated according to

22,

0T T ®)
Po(A +id)
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where 4, represents the plasmon wavelength of the metal, 4 represents the resonant
wavelength of the metal, and its unit is meter. For Ag: &, = 5.8, 4, = 1.4541 x 107 m,
A, =1.7614 x 105 m.

4. Simulation results and numerical analysis

For the comparison structure, the influence of the period (73), the thickness of SiO, (4,)
and ITO (/,) on the emission efficiency are studied. Since the incident light cannot di-
rectly 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 7 are shown
in Fig. 3a for the case of #; =20 nm, d; =20 nm, /; =20 nm, A =460 nm. The subgraph
in Fig. 3a can clearly show the peak value of T in the range of 140-160 nm, and the
RP and AP reach the highest peak at the same time when 7} = 149 nm. The RP and AP
at different thickness of /; are shown in Fig. 3b for the case of 7; = 149 nm, d; =20 nm,
/; =20 nm, A = 460 nm, and the RP and AP reach the highest peak at the same time
when /; =20 nm. The RP and AP at different thickness of /; are shown in Fig. 3¢ for
the case of T; = 149 nm, 4, =20 nm, d; =20 nm, 4 =460 nm, and the RP and AP reach
the highest peak at the same time when /; = 20 nm. The RP and AP at different wave-
lengths of A are shown in Fig. 3d for the case of 7|, = 149 nm, 4, =20 nm, d; = 20 nm,
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Fig. 3. (a) The RP and AP at different period 7. (b) The RP and AP at different thickness of 4;. (¢) The RP
and AP at different thickness of /. (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) &, =20 nm, d, =20 nm, /; = 20 nm, 4 =460 nm, (b) 7| = 149 nm, d; = 20 nm, /; =20 nm,
A =460 nm, (¢) T, = 149 nm, h; = 20 nm, d; = 20 nm, 4 = 460 nm, (d) 7, = 149 nm, s, =20 nm, d| =
=20 nm, /; =20 nm, (e) 7|, = 149 nm, 4, = 20 nm, d; = 20 nm, /; = 20 nm, 1 = 449 nm, and (f) T =
=149 nm, h; =20 nm, d; =20 nm, /; = 20 nm, 4 = 460 nm.
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Fig. 3. Continued.

[/, =20 nm, and the RP and AP reach the highest peak at the same time when 4 =460 nm.
When 7', = 149 nm, /#; = 20 nm, d; = 20 nm, /; = 20 nm, 4 = 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 (7,), the thickness of SiO, (4,),
the height of the Ag triangle structure (d,) and the thickness of the center of the
ITO layer (/,) on the emission efficiency are studied. First, the RP and AP at different
periods of T, are shown in Fig. 4a for the case of 4, = 17 nm, d, = 20 nm, /, = 10 nm,
A =460 nm. The subgraph in Fig. 3a can clearly show the peak value of 7, in the range
of 150-165 nm, and the RP and AP reach the highest peak at the same time when
T, = 156 nm. The RP and AP at different thicknesses of 4, are shown in Fig. 4b for
the case of 7, = 156 nm, d, = 20 nm, /, = 10 nm, 4 = 460 nm, and the RP and AP reach
the highest peak at the same time when 4, = 17 nm. The RP and AP at different heights
of d, are shown in Fig. 4c¢ for the case of 7, = 156 nm, 4, = 17 nm, /, = 10 nm, 1 =
=460 nm, and the RP and AP reach the highest peak at the same time when d, = 20 nm.
The RP and AP at different thicknesses of /, are shown in Fig. 4d for the case of 7, =
=156 nm, h, = 17 nm, d, = 20 nm, 4 = 460 nm, and the RP and AP reach the highest
peak at the same time when /, = 10 nm. The RP and AP at different wavelength of 4
are shown in Fig. 4e for the case of 7, = 156 nm, 4, = 17 nm, d, = 20 nm, /, = 10 nm,
and the RP and AP reach the highest peak at the same time when 4 = 460 nm. When
T, =156 nm, h, = 17 nm, d, = 20 nm, /, = 10 nm, 4 = 460 nm, the RP and AP reach
the highest peak, the SPs and QW are strongest coupled and the light extraction effi-
ciency 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 7. (b) The RP and AP at different thickness of #,. (¢) The RP
and AP at different height of d,. (d) The RP and AP at different thickness of /,. (¢) The RP and AP at
different wavelength. (f) The distribution of the electric field at the wavelength of 460 nm. (a) 4, = 17 nm,
d,=20nm, /, =10 nm, 4 =460 nm, (b) 7, = 156 nm, d, =20 nm, /, = 10 nm, 4 =460 nm, (¢) 7, = 156 nm,
hy =17 nm, [, =10 nm, 1 =460 nm, (d) 7, = 156 nm, s, =17 nm, d, =20 nm, 4 = 460 nm, (e) 7, = 156 nm,
hy=17nm, d, =20 nm, /, =10 nm, (f) 7, = 156 nm, h, = 17 nm, d, =20 nm, /, = 10 nm, A = 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 Si0O, layer
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and ITO layer introduced in the novel LED designed in this paper can form a quasi-sym-
metrical 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 SiO, 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 SiO, 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 SiO, film, Ag layer and ITO layer can
form a quasi-symmetric waveguide structure, which can extend the near-field distri-
bution 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 de-
signed 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.

Acknowledgment — This work was supported by the Local Science and Technology Development Fund
Projects Guided by the Central Government, China (No. 206Z1703G), the Scientific Research Project of
Colleges and Universities in Hebei Province, China (No. QN2019061), and the Fundamental Research
Funds for Provincial Universities, China (No. 2021JK03).

References

[11 LiZ,Xue D, LiuD.,Lu Y., YEW., ZHANG Y., WANG Y., ZHENG C., Portable visible light commu-
nication transmitter and receiver using core-shell CdSe/ZnS quantum dots white light-emitting diode,
IET Communications 13(7), 2019, pp. 873-878, DOI: 10.1049/iet-com.2018.5303.

[2] Hea J., Wu K., HE J., ZHOU Z., MA ]., SH1 J., An efficient encoder-subcarrier mapping method com-
bined with polar code for visible light communication, IEEE Access 7, 2019, pp. 69119-69125, DOI:
10.1109/ACCESS.2019.2916005.

[3] Xu J., ZnanG W., PENG M., Da1J., CHEN C., Light-extraction enhancement of GaN-based 395 nm
flip-chip light-emitting diodes by an Al-doped ITO transparent conductive electrode, Optics Letters
43(11), 2018, pp. 2684-2687, DOI: 10.1364/0L.43.002684.

[4] Park J., LE J.H., Bending effect on the circular polarizer of an organic light-emitting diode display,
Applied Optics 58(13), 2019, pp. 3671-3675, DOI: 10.1364/A0.58.003671.

[5] Okamoto K., Nikr I., SHVARTSER A., NARUKAWA Y., MUKAI T., SCHERER A., Surface-plasmon-en-
hanced light emitters based on InGaN quantum wells, Nature Materials 3(9), 2004, pp. 601-605, DOI:
10.1038/nmat1198.



https://doi.org/10.1049/iet-com.2018.5303
https://doi.org/10.1109/ACCESS.2019.2916005
https://doi.org/10.1364/OL.43.002684
https://doi.org/10.1364/AO.58.003671
https://doi.org/10.1038/nmat1198

Emission-intensity-enhanced GaN-based LED... 539

[6] OkamoTo K., NIKI I., SCHERER A., NARUKAWA Y., Mukal T., Kawakawmr Y., Surface plasmon en-
hanced spontaneous emission rate of InGaN/GaN quantum wells probed by time-resolved photo-
luminescence spectroscopy, Applied Physics Letters 87(7), 2005, article 071102, DOI: 10.1063/
1.2010602.

[7] Okamoto K., NIk1 I., SHVARTSER A., MALTEZOS G., NARUKAMA Y., MUKAI T., KAWAKAMI Y., SCHERER A.,
Surface plasmon enhanced bright light emission from InGaN/GaN, Physica Status Solidi 204(6),
2007, pp. 2103-2017, DOI: 10.1002/pssa.200674856.

[8] YEn D.M., HuanG C.F., Lu Y.C., CueN C.Y., TANG T.-Y., HuanG J.-J., SHEN K.-C., YANG Y.-].,
YanG C.C., Surface plasmon leakage in its coupling with an InGaN/GaN quantum well through
an ohmic contact, Applied Physics Letters 91(6), 2007, article 063121, DOI: 10.1063/1.2768913.

[9] YeEn D.M., HuanG C.F., CHEN C.Y., LU Y.C., YaNG C.C., Localized surface plasmon-induced emis-
sion enhancement of a green light-emitting diode, Nanotechnology 19(34), 2008, article 345201,
DOI: 10.1088/0957-4484/19/34/345201.

[10] CHo C.Y., Kwon M.K., LEE S.J., HaN S.H., Kanc J.W., KaNG S.E., LEe D.Y., Park S.J., Surface
plasmon-enhanced light-emitting diodes using silver nanoparticles embedded in p-GaN, Nanotech-
nology 21(20), 2010, article 205201, DOI: 10.1088/0957-4484/21/20/205201.

[11] Cuo C.Y.,KiMmK.S., LEe S.J., Kwon M.K., Ko H., Kim S.T., JuNG G.Y ., PARK S.J., Surface plasmon
-enhanced light-emitting diodes with silver nanoparticles and SiO, nano-disks embedded in p-GaN,
Applied Physics Letters 99(4), 2011, article 041107, DOI: 10.1063/1.3616149.

[12] SHENK.C., Liao C.H., YU Z.Y., WaNG J.Y., LIN C.H., KiaNG Y.W., YANG C.C., Effects of the inter-
mediate SiO, layer on polarized output of a light-emitting diode with surface plasmon coupling, Jour-
nal of Applied Physics 108(11), 2010, article 113101, DOI: 10.1063/1.3517082.

[13] KaoC.C.,SuY.K., LinC.L., CHEN J.]., Localized surface plasmon-enhanced nitride-based light-emit-
ting diode with Ag nanotriangle array by nanosphere lithography, IEEE Photonics Technology Let-
ters 22(13), 2010, pp. 984-986, DOI: 10.1109/LPT.2010.2049013.

[14] ZnanG H., ZnuJ., Zuu Z., L1Q., JIN G., Surface-plasmon-enhanced GaN-LED based on the quasi-sym-
metrical planar waveguide structure, Optics Communications 311, 2013, pp. 311-316, DOI: 10.1016/
j.optcom.2013.08.078.

[15] ZuanG H., Znu J., Zuu Z., IN Y., L1 Q., JIN G., Surface-plasmon-enhanced GaN-LED based on
a multilayered M-shaped nano-grating, Optics Express 21(11),2013, pp. 13492-13501, DOI: 10.1364/
OE.21.013492.

[16] Znu J., ZuanG H., Znu Z., L1 Q., JIN G., Surface-plasmon-enhanced GaN-LED based on the multi-
layered rectangular nano-grating, Optics Communications 322, 2014, pp. 66—72, DOI: 10.1016/
j.optcom.2014.02.011.

[17] Yao Y.F.,LinC.H.,CHAa0 C.Y., CHANG W.Y.,SUC.Y., Tu C.G., KianG Y.W., YANG C.C., Coupling
of a light-emitting diode with surface plasmon polariton or localized surface plasmon induced on
surface silver gratings of different geometries, Optics Express 26(7), 2018, pp. 9205-9219, DOI:
10.1364/0E.26.009205.

[18] HonG S.H., Kim N.Y., KanG J.W., Kim J.J., JunG Y.S., KiMm D.Y., YIM S.Y., PArk S.J., Quantum
efficiency enhancement depending on the thickness of p-GaN spacer layer in localized surface
plasmon-enhanced near-ultraviolet light-emitting diodes by using colloidal silver nanoparticles,
ECS Journal of Solid State Science and Technology 9(1), 2020, article 016003, DOI: 10.1149/
2.0042001JSS.

[19] LINnT.H., WaNG S.J., TuY.C., HunG C.H., YU T.H., Improving the performance of power GaN-based
thin-film flip-chip LEDs through a twofold roughened surface, Materials Science in Semiconductor
Processing 45, 2016, pp. 69-75, DOI: 10.1016/j.mssp.2016.01.010.

[20] Otro A., Excitation of nonradiative surface plasma waves in silver by the method of frustrated total
reflection, Zeitschrift fiir Physik A Hadrons and nuclei 216(4), 1968, pp. 398—410, DOI: 10.1007/
BF01391532.



https://doi.org/10.1109/LPT.2010.2049013
https://doi.org/10.1063/1.2010602
https://doi.org/10.1063/1.2010602
https://doi.org/10.1063/1.2768913
https://doi.org/10.1063/1.3616149
https://doi.org/10.1002/pssa.200674856
https://doi.org/10.1088/0957-4484/19/34/345201
https://doi.org/10.1088/0957-4484/21/20/205201
https://doi.org/10.1063/1.3517082
https://doi.org/10.1016/j.optcom.2013.08.078
https://doi.org/10.1016/j.optcom.2013.08.078
https://doi.org/10.1016/j.optcom.2014.02.011
https://doi.org/10.1016/j.optcom.2014.02.011
https://doi.org/10.1364/OE.21.013492
https://doi.org/10.1364/OE.21.013492
https://doi.org/10.1364/OE.26.009205
https://doi.org/10.1149/2.0042001JSS
https://doi.org/10.1149/2.0042001JSS
https://doi.org/10.1016/j.mssp.2016.01.010
https://doi.org/10.1007/BF01391532
https://doi.org/10.1007/BF01391532

540 XN Li et al.

[21] Lt W.C., SHA X.P., L1 Z.Q., MENG X.Y., GU E., Emission enhancement of light-emitting diode by
localized surface plasmon induced by Ag inserts in p-GaN and TiO,-Ag grating, Plasmonics 12(6),
2017, pp. 1855-1860, DOI: 10.1007/s11468-016-0454-4.

[22] LiZ., XiE R., L1 X., GU E., Nwu L., SHA X., Luminous enhancement of nitride light-emitting diodes
by localized surface plasmon and triangular structure, Superlattices and Microstructures 120, 2018,
pp- 127-135, DOIL: 10.1016/j.spmi.2018.05.031.

[23] PaLIk E.D., Handbook of Optical Constants of Solids, Academic Press, New York, 1998, pp. 52-63.

[24] Guo S.L., L1 X., L1 Z.Q., GU E., ZHao X.T., Improving the luminous efficiency of gallium nitride
-based light-emitting diodes using Ag nanograting structure, Journal of Nanophotonics 13(4), 2019,
article 46010, DOI: 10.1117/1.JNP.13.046010.

Received August 11, 2020
in revised form December 14, 2020


https://doi.org/10.1007/s11468-016-0454-4
https://doi.org/10.1016/j.spmi.2018.05.031
https://doi.org/10.1117/1.JNP.13.046010

	Emission-intensity-enhanced GaN-based LED based on multilayer grating structures
	1. Introduction
	2. Fabrication
	3. Theory
	4. Simulation results and numerical analysis
	5. Conclusions
	References




Raport dostępności





		Nazwa pliku: 

		optappl_5104p529.pdf









		Autor raportu: 

		



		Organizacja: 

		







[Wprowadź informacje osobiste oraz dotyczące organizacji w oknie dialogowym Preferencje > Tożsamość.]



Podsumowanie



Sprawdzanie napotkało na problemy, które mogą uniemożliwić pełne wyświetlanie dokumentu.





		Wymaga sprawdzenia ręcznego: 6



		Zatwierdzono ręcznie: 0



		Odrzucono ręcznie: 0



		Pominięto: 1



		Zatwierdzono: 23



		Niepowodzenie: 2







Raport szczegółowy





		Dokument





		Nazwa reguły		Status		Opis



		Flaga przyzwolenia dostępności		Zatwierdzono		Należy ustawić flagę przyzwolenia dostępności



		PDF zawierający wyłącznie obrazy		Zatwierdzono		Dokument nie jest plikiem PDF zawierającym wyłącznie obrazy



		Oznakowany PDF		Zatwierdzono		Dokument jest oznakowanym plikiem PDF



		Logiczna kolejność odczytu		Wymaga sprawdzenia ręcznego		Struktura dokumentu zapewnia logiczną kolejność odczytu



		Język główny		Zatwierdzono		Język tekstu jest określony



		Tytuł		Zatwierdzono		Tytuł dokumentu jest wyświetlany na pasku tytułowym



		Zakładki		Zatwierdzono		W dużych dokumentach znajdują się zakładki



		Kontrast kolorów		Wymaga sprawdzenia ręcznego		Dokument ma odpowiedni kontrast kolorów



		Zawartość strony





		Nazwa reguły		Status		Opis



		Oznakowana zawartość		Zatwierdzono		Cała zawartość stron jest oznakowana



		Oznakowane adnotacje		Zatwierdzono		Wszystkie adnotacje są oznakowane



		Kolejność tabulatorów		Zatwierdzono		Kolejność tabulatorów jest zgodna z kolejnością struktury



		Kodowanie znaków		Zatwierdzono		Dostarczone jest niezawodne kodowanie znaku



		Oznakowane multimedia		Zatwierdzono		Wszystkie obiekty multimedialne są oznakowane



		Miganie ekranu		Wymaga sprawdzenia ręcznego		Strona nie spowoduje migania ekranu



		Skrypty		Wymaga sprawdzenia ręcznego		Brak niedostępnych skryptów



		Odpowiedzi czasowe		Wymaga sprawdzenia ręcznego		Strona nie wymaga odpowiedzi czasowych



		Łącza nawigacyjne		Wymaga sprawdzenia ręcznego		Łącza nawigacji nie powtarzają się



		Formularze





		Nazwa reguły		Status		Opis



		Oznakowane pola formularza		Zatwierdzono		Wszystkie pola formularza są oznakowane



		Opisy pól		Zatwierdzono		Wszystkie pola formularza mają opis



		Tekst zastępczy





		Nazwa reguły		Status		Opis



		Tekst zastępczy ilustracji		Niepowodzenie		Ilustracje wymagają tekstu zastępczego



		Zagnieżdżony tekst zastępczy		Zatwierdzono		Tekst zastępczy, który nigdy nie będzie odczytany



		Powiązane z zawartością		Zatwierdzono		Tekst zastępczy musi być powiązany z zawartością



		Ukrywa adnotacje		Zatwierdzono		Tekst zastępczy nie powinien ukrywać adnotacji



		Tekst zastępczy pozostałych elementów		Zatwierdzono		Pozostałe elementy, dla których wymagany jest tekst zastępczy



		Tabele





		Nazwa reguły		Status		Opis



		Wiersze		Zatwierdzono		TR musi być elementem potomnym Table, THead, TBody lub TFoot



		TH i TD		Zatwierdzono		TH i TD muszą być elementami potomnymi TR



		Nagłówki		Zatwierdzono		Tabele powinny mieć nagłówki



		Regularność		Zatwierdzono		Tabele muszą zawierać taką samą liczbę kolumn w każdym wierszu oraz wierszy w każdej kolumnie



		Podsumowanie		Pominięto		Tabele muszą mieć podsumowanie



		Listy





		Nazwa reguły		Status		Opis



		Elementy listy		Zatwierdzono		LI musi być elementem potomnym L



		Lbl i LBody		Zatwierdzono		Lbl i LBody muszą być elementami potomnymi LI



		Nagłówki





		Nazwa reguły		Status		Opis



		Właściwe zagnieżdżenie		Niepowodzenie		Właściwe zagnieżdżenie










Powrót w górę

