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Photonic bandgap of photonic crystals (PCs) and the effect of grating diffraction can be used to
improve the extraction efficiency of the light from a light-emitting diode (LED). The transmission
of light at certain wavelength through periodic sub-wavelength hole arrays in metal films is
extraordinary, because the surface plasmon acts effectively. In this letter, PCs with the square
lattice of cylinder unit cells are placed in GaN layer of GaN-based blue LED, and the silver
film is plated on PCs. The finite-difference time-domain (FDTD) method is used to investigate
the optical transmission; the results show that the extraction efficiency of the PC-assisted LED
(PC-LED) is enhanced when the silver film is plated on the PCs under certain conditions. Finally,
we use the surface plasmon dispersion relation to analyze the mechanism of antireflection.
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1. Introduction

GaN-based light-emitting diodes (LEDs) with a long life-cycle have been employed
for various applications, such as large full-color displays, traffic signals, back light
units for liquid-crystal display and so forth. Also it makes all-solid-state lighting
a viable option for large-scale energy savings. Due to the index difference between air
and a typical semiconductor which is used in LEDs, most spontaneously emitted waves
undergoes total internal reflection at the interface of the LED medium and air and thus
most of the emitted light remains trapped in the LED [1, 2]. In conventional
structures, the extraction efficiency at the semiconductor/air single interface is
approximately 1/4n?, where n is the refractive index of a semiconductor, at best, only
about 5% of the light emitted is extracted from the top surface. Therefore, the issue is
how to increase the amount of light extracted from an LED.
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Many interesting approaches have been proposed to accomplish this, such as the use
ofthin light-emitting layers with surface texturing, resonant cavities, photon recycling,
or output coupling through surface plasmons excited at corrugated metal surfaces. In
recent years, many investigations use the wave nature of light, like photonic crystals
(PCs) to enhance light extraction [3—6], which has been demonstrated and applied.
Based on the photonic band gap (PBG) effect and coherent diffraction, the light output
of PC-assisted LED (PC-LED) has been enhanced.

Due to the surface plasmons (SPs) effect, the transmission of light at certain
wavelength through periodic sub-wavelength hole arrays in metal films is extraordi-
nary [7—-9]. In this paper, to further enhance the extraction efficiency of GaN-based
blue LED, PCs with square lattice of cylinder unit cells are placed in GaN layer of
GaN-based blue LED, and the silver film is plated only on the PCs, so we can use both
the PBG effect and the SPs effect. We use the finite-difference time-domain (FDTD)
method to investigate the optical transmission. First, we find out the best structure
parameters of the PCs without Ag film, then we find out the best thickness of the Ag
film for further enhancement.

2. Features of surface plasmon

SPs are free electron density oscillations on the surface of metals in dielectric materials.
The propagation of a surface plasmon is always coupled with a surface electromagnetic
wave along the metal—dielectric boundary [7]. Qiu [10] has analyzed the enhanced
effect of such transmission, pointing out two mechanisms: the localized surface
plasmon waveguide resonance and the surface plasmon tunnel resonance, and dis-
cussed the two waveguide resonance frequencies starting from the band structure and
the dispersion relations. WEN-HUNG CHUANG et al. [11] has demonstrated the differ-
entiation between the contributions of localized surface plasmon (LSP) and surface
plasmon polariton (SPP) couplings with an emitting dipole to emission enhancement
in a metallic grating structure. In general, when light field incident with the cyclical
structure of the metal, if the momentum and energy meet the conservation of energy,
the incident light field can stimulate the plasma on the surface of metal. The plasma
from the surface of a metal passes through the air hole tunneling to another surface
and then releases photons. If the metal and dielectric materials are both semi-infinite,
from the boundary solving Maxwell’s equations, the dispersion relation of SPs can be
determined as [12]

&y &
kep = K, /gddT;” (D
m

where Kgp is the wave vector of the surface plasmon, &, and &; are the permittivity of
the metal and dielectric material, which must have opposite signs if SPs are to be
possible at such an interface. This condition is satisfied for metals because &, is both
negative and complex. After calculation, kgp > K,, which shows that SP leads to a near-
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-field enhancement. This increase in momentum is associated with the binding of
the SP to the surface, and the resulting momentum mismatch between light and SPs
of the same frequency must be bridged if light is to be used to generate SPs [12]. There
are three main techniques by which the missing momentum can be provided [7].
The first makes use of prism coupling to enhance the momentum of the incident light.
The second involves scattering from a topological defect on the surface, such as a sub-
-wavelength protrusion or hole, which provides a convenient way to generate SPs
locally. The third makes use of a periodic corrugation in the metal’s surface.

3. Design and modeling

Although the 3D-FDTD method enables us to acquire accurate results for the small
size model structure, the large-area GaN-based blue LED cannot be treated faithfully
because of the limited memory size. The structure of GaN-based blue LED is shown
in Fig. 1. In this letter, PCs structures with a square lattice of cylinder unit cells are
placed in the GaN layer (refractive index n=2.4). The structure parameters of PCs:
the period of PCs is a, the filling factor is R, =2r/a (r is the radius of PCs), and
the thickness of GaN layer is 300 nm.

The bandgap structure of 2D-PCs with the change of Ry, is shown in Fig. 2.
The number of the bandgaps with different R;, can be seen in Fig. 2a. When R;=0.7
the number of the bandgap is the largest. There are four bandgaps (Fig. 2b), two TE
wave bandgaps: 0.315-0.346, 0.527-0.573, two TM wave bandgaps: 0.709-0.735,
0.89-0.904. The bandgap width is 0.031, 0.046, 0.026, 0.014(a/4), respectively, so
the center frequency f; is 0.33, 0.55, 0.722, 0.897(a/A). As the light-emitting center
wavelength is 460 nm, the period of PCs a=f,4=151.8 nm, 253 nm, 332.12 nm,
412.62 nm, thus we take a=412 nm, R, =0.7. The 2D bandgap structure cannot be
applied directly to 3D slab structure: the center frequencies are shifted toward the lower
frequencies, thus the period of the PCs is an estimated value, but it has a direct reference
value, and we will calculate the period later. When a= 412 nm, Rp = (.7, the relation
between the enhancement factor of extraction efficiency E, of LED and the height of
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X Fig. 1. The structure of GaN-based blue LED.
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Fig. 2. The bandgap structure of PCs with different R, (a); the PBG of PCs when R, = 0.7 (b).
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Fig. 3. The relationship between E, and heightp, when a= 412 nm, R,= 0.7 (a); the transmittance of
the PCs when a=412 nm, R, = 0.7, heightpc, = 250 nm (b).

the PCs is shown in Fig. 3a. When heightp, = 250 nm, the extraction efficiency is
the largest — it is enhanced 3.3 times. Under the same conditions, the transmittance at
460 nm wavelength of the PCs is the highest (Fig. 3b).

For the two-dimensional symmetrical sub-wavelength structure of the increase in
transmission, there are several formulas of the equivalent refractive index (n,p) as
follows [13]:

Ny = (1—f)n +fn’ )
5 [(l—f)ninrfng[fanr(l—f)ni}rnizni
Nyp = 3)

2[fni2+(1—f)n§]
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where ny; is the refractive index of the medium, ngis the refractlve index of the substrate
(ng=2. 4) f is the area ratio of the substrate, here f=0.25n Rp The Eq. (2) is very
different from the coupled-wave theory, the Eq.(3) matches the coupled-wave
theory well when ng< 1.5, the Eq. (4) matches the coupled-wave theory well when
1.5 <ng<4.Sowe choose the Eq. (4) and get n,, = 1.347. According to the film the-
ory, When the thickness of the film h = (2m+ 1)A4,/4 n,p, the reflectivity is the smallest
and the transmittance is the highest. When m= 1, h =256 nm, which is in line with
the result of Fig. 3.

We fix R, = 0.7, heightpc, = 250 nm, to further enhance the extraction efficiency
1 of GaN-based blue LED. In this letter, the metal silver film was grown on the PCs,
using the effect of SPs enhanced transmission to improve the efficiency. In this regard,
a metallic grating structure is useful for phase matching of SP mode and radiation
mode [11, 14]. The x—y plane distribution of the refraction of the FDTD simulation
model is shown in Fig. 4b. For simplicity, the substrate is ignored in the model. From
Fig. 4b, the real part of the refractive index of Ag is 0.0428 at wavelength of 460 nm,
and Ng,n = 2.4, N0 = 2.

A three-dimensional FDTD method with a perfectly matched layer (PML) (0.5 pum)
and periodic boundary condition (PBC) is carried out to simulate the optical properties
of the presented PC-LED, providing a basis for the design of high-performance
GaN-based blue LED. We intercept the region on X—y—z plane as 3x3x3 (um) and
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Fig. 4. The FDTD simulation model of the LED structure (a); the X—Y plane distribution of the refraction
index of the simulation model (b).
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the grid size is 5 nm in all three dimensions. At the placey = —1.5 wm, we put continued
guided-wave as an emitter source with its vacuum wavelength of 460 nm. The simu-
lations are done for both polarizations, transverse electric (TE) and transverse
magnetic (TM). Each calculation cell is setup repeatedly. The conductance of the ITO
layer is ignored in the calculation, but it has no influence on SPs, and also can excite
SPR [15, 16].

In order to model the plasmonic response, the complex dielectric constant of metal
at optical frequencies is approximated by the Drude model as follows [17]:

2
[0

gw) = &,- ——— (5)
@ +iyw

where @ is the light frequency, @y, is the plasma frequency, y is the damping frequency,

@, = 1.3x10'¢ rad/s, y=4.6x1013 rad/s [18]. When the incident light wavelength is

460 nm, w=4.1x1015 rad/s.

4. Resultsand analysis

Based on the above analysis, we discuss the period of the PCs and the thickness of
the Ag film which have influence on the extraction efficiency. In Fig. 5, when
thg = 0, Ry=0.7 and a= 410 nm, the extraction efficiency 7 of PC-LED is the largest.
The extraction efficiency becomes largest when the lattice constant is similar to
the vacuum wavelength [19]. Enhancement of light extraction using 2D-PCs is
achieved in two major schemes. The mechanism of light extraction enhancement
is mainly related to the bandgaps of PCs. First, the bandgaps may be used to forbid
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Fig. 5. When R, = 0.7, the extraction efficiency as a function of @ and t,.
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the emission into guided modes, PCs may be used to match the trapped waveguide
modes within the LED to the bandgap of the PCs. The waveguide light thus lies
within the bandgap of the PC, blocking its propagation in lateral directions within
the structure, leaving only the external emission channel for light to exit the device.
The second possibility is to utilize the refractive index periodicity of a PC to diffract
waveguide modes above a certain cut-off frequency into externally propagating modes
[1,20-23]. The normalized frequency (a/4) corresponding to our PCs structure
(@=410nm, R;=0.7) is 0.891; only the TM modes lie in the bandgap region, TM
modes can only radiate outward. But the gap width of TM modes is relatively narrow
and TE modes lie below the cutoff frequency, so extraction enhancement in our LEDs
is mainly due to coupling to leaky modes by Bragg diffraction as discussed earlier.

When the Ag film is grown on the PCs with R;=0.7 heightpc =250 nm,
the extraction efficiency of PC-LED is the largest, on condition that a= 440 nm,
tag = 20 nm, which increases by 43.9% compared with the efficiency without the Ag
film. Because t5, is small, the incident light does not constitute a complete reflection.
Some of the energy permeates through the metal film, and some light wave oscillates
in resonance with the SPs, so the transmission is enhanced. The surface plasmons
help to confine the light intensity to the space behind the metal mask aperture by
coupling [20]. The above mechanism is SPR. SPR is the resonance coupling between
the incident light and the surface plasmon wave (SPW), it can lead to the transmission
enhancement. With the increase in t,,, the extraction efficiency is reduced. This is
because when t,, becomes larger, the absorption and reflection are strengthened.
The propagation of a surface plasmon is always coupled with a surface electromagnetic
wave along the metal—dielectric boundary.

The distribution of the magnetic field H, of the designed LED is shown in Fig. 6.
When a=440 nm, R, =0.7, and tsz = 20 nm, the SPR effect is more obvious and
the strength of the magnetic field H, outside the PC-LED is higher than that when
a=440 nm, Rp =(0.7, and the = 50 nm.
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Fig. 6. The distribution of the magnetic field H, of the designed LED with the same a and R and:
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Fig. 7. Transmittance of the LED with the same &, R,, and heightp, but with different t,,.

In general, photons will be lost from the semiconductor by the escape through
the film top surface. The loss rate by the escape through the top surface is [24]:

¢ . B, AT

jdAIBimT(G)chos(B)sm(@)da - owl ©
n

0

where B, is the internal brightness in photons, & is the polar angle, A is the surface
area, @, is the critical escape angle, T is the angle averaged transmission, and T(8) is
the transmission of the incident angle 6. The higher the transmittance, the larger
the light extraction efficiency.

Figure 7 is the transmittance of the designed LED structure. When a =440 nm,
R, = 0.7, tpcg = 250 nm, and t,, = 20 nm, the transmittance at the wavelength around
460 nm is the highest, which is in line with the results above mentioned.

The SP resonances take place at around the positions of band edges. According to
Eq. (1), the SP dispersion relations are as follows [25]:

1/2
ELE
k, = k| —4—| =nLX  m=12.) 7)
P Ent &y a

Ksp = 27/ Asp, Asp = Ao/[€mEq/(em+ €91 is the wavelength of SP wave, 4, is
the vacuum wavelength. For a square array at normal incidence, the transmission
wavelength Agp is given by [26]

&4 ]1/2 (8)
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where mand n are integers that correspond to the particular order of the SPP. According
to the Eq.(5), when the center wavelength of the incident light is 460 nm,
Erg = —8.63 + 0.25i, according to the Eq. (8), when m +n? = 16, Agp =457.8 nm
(&gan = 5.76), which is closed to the center light-emitting wavelength of GaN-based
blue LED. Therefore, the SPs could lead to the enhanced transmission at Agp = 457.8 nm
because of the SPR, and the extraction efficiency of the GaN-based blue LED is
enhanced.

The introduction of PCs can provide a bandgap in the dispersion relation of
the guided modes at the frequency of emission, and the periodic corrugation of the Ag
film can provide a bandgap for the TM_, coupled SPP mode and the lowest-order TE
mode. If we label the modes by the effective index of the PCs n,p,, low-order modes
(Ngan — 0.15 < nyp < Ng,y) are mostly localized in the core of the GaN waveguide and
barely overlap with the PCs, leading to poor diffraction efficiency. On the other hand,
high-order modes (Ng,ppnire < Mop < Ngan — 0.15) acquire a better extraction rate [27].
From Eq. (4), the N, = 2.14 (here n; = Ny = 2), which satisfied the high-order modes.

5. Conclusions

Without PCs, guided modes will exist in the whole frequency. With the introduction
of PCs, it will introduce a limit of guided wave frequency which reduces the guided
modes and increases the leaky modes. When Ag film was grown on the PCs,
the extraction efficiency of PC-LED is further enhanced under certain conditions.
The resonance coupling occurs between the incident light and the SPW inspired
on the metal surface and the resonance wavelength is 457.8 nm, so the SPR leads to
the enhanced transmission.
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