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Abstract: The enhancement of light extraction efficiency for thin-film flip-
chip (TFFC) InGaN quantum wells (QWs) light-emitting diodes (LEDs) 
with GaN micro-domes on n-GaN layer was studied. The light extraction 
efficiency of TFFC InGaN QWs LEDs with GaN micro-domes were 
calculated and compared to that of the conventional TFFC InGaN QWs 
LEDs with flat surface. The three dimensional finite difference time domain 
(3D-FDTD) method was used to calculate the light extraction efficiency for 
the InGaN QWs LEDs emitting at 460nm and 550 nm, respectively. The 
effects of the GaN micro-dome feature size and the p-GaN layer thickness 
on the light extraction efficiency were studied systematically. Studies 
indicate that the p-GaN layer thickness is critical for optimizing the TFFC 
LED light extraction efficiency. Significant enhancement of the light 
extraction efficiency (2.5-2.7 times for λpeak = 460nm and 2.7-2.8 times for 
λpeak = 550nm) is achievable from TFFC InGaN QWs LEDs with optimized 
GaN micro-dome diameter and height. 
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1. Introduction 

As the promising candidate for the next generation lighting technology, light-emitting diodes 
(LEDs) play an important role in solid state lighting [1–4]. InGaN quantum wells (QWs) are 
employed as active region for LEDs emitting in the near ultraviolet, blue and green spectral 
region. However, major challenges still exist for high performance InGaN QWs LEDs, 
including 1) the existence of the spontaneous and piezoelectric polarizations in the III-nitride 
semiconductor materials [5] leads to the charge separation in the QWs, resulting in low 
radiative recombination rate of electrons and holes, and 2) low light extraction efficiency in 
InGaN QWs LEDs due to the total internal reflection at the semiconductor-air or 
semiconductor-encapsulant interface. Recently, approaches based on novel QWs designs have 
been proposed to engineer the band lineups of the InGaN QWs for enhancing the electron-
hole wavefunction overlap, including the staggered InGaN QW [6–11], type-II InGaN-
GaNAs QW [12–14], strain-compensated InGaN-AlGaN QW [15–17], InGaN-delta-AlGaN 
QW [18, 19], InGaN-delta-InN QW [20, 21], and triangular InGaN QW [22]. In addition, 
significant efforts have been focused on nonpolar / semipolar InGaN QWs growths for 
removing / reducing polarization field in the QW [23–25]. 

The limitation occurred in light extraction efficiency of III-nitride LEDs is attributed to 
the large refractive index difference between III-nitride semiconductor (n~2.4) and the 
ambient media [free space (n~1); epoxy resin (n~1.5)], which leads to severe total internal 
reflection at the interface. Most of the generated photons in the active region are trapped 
inside the LED device and finally absorbed by the material. In order to achieve high 
performance InGaN QWs LEDs with high total external quantum efficiency, the enhancement 
of the light extraction efficiency is crucial. 

Recently, several approaches have been proposed for enhancing the light extraction 
efficiency of III-nitride LEDs, including surface roughness [26, 27], photonic crystal [28], 
patterned sapphire substrate [29], nanopyramids [30], graded refractive index material [31] 
and SiO2/polystyrene microlens arrays [32, 33]. Potential issues such as non-uniformity, high 
cost, limited efficiency enhancement, material degradation and reliability are still required to 
be addressed in these approaches. 

In this work, we studied the light extraction efficiency for the thin film flip-chip (TFFC) 
LEDs based on three-dimensional finite difference time domain (3D-FDTD) method. Light 
extraction efficiency of TFFC InGaN QWs LEDs with GaN micro-domes were calculated and 
compared to that of the conventional TFFC InGaN QWs LEDs with flat surface. Studies show 
that significant light extraction efficiency enhancement is achievable by optimizing both the 
bottom p-GaN layer thickness and the n-GaN micro-dome size. 
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2. TFFC InGaN QWs LEDs with GaN micro-domes 

The light extraction efficiency of the following two TFFC InGaN QWs LEDs as shown in 
Fig. 1 was calculated by 3-D FDTD method. TFFC design has been widely used in the current 
commercial LEDs, which possesses high light extraction efficiency as compared to that of the 
conventional LED package [34–36]. Thin film LEDs could be realized by removing sapphire 
substrate by laser lift-off technique [37], while flip-chip LEDs are achieved by submounting 
the p-GaN on a high reflectance metallic mirror to form the vertical LED configuration, which 
allows the photons to emit from the n-GaN layer side, and allows flexible surface texturing 
and patterning process on relative thick n-GaN to enhance the extraction efficiency without 
the potential effect on InGaN QWs active region. The TFFC LEDs combine these two 
techniques, the 2D schematic of which is shown in Fig. 1(a). 

 

Fig. 1. 2D schematics of the thin film flip-chip (TFFC) InGaN QWs LEDs with (a) flat surface 
and (b) GaN micro-domes. 

Here, we propose to form the GaN micro-domes on top of the n-GaN layer for enhancing 
the LED light extraction efficiency, as shown in Fig. 1(b). The GaN micro-domes could be 
formed by reactive ion etching (RIE) of the GaN layer with a self-assembled dielectric 
microspheres monolayer as mask. The spherical shape of the mask could be transferred to the 
GaN layer when the etching rates for both GaN and microspheres are comparable, which is 
achievable by optimizing the RIE condition [38]. The close-packed monolayer of dielectric 
microspheres could be deposited by using self-assembled approaches [39–41], such as rapid 
convective deposition [39], dip coating [40] and spin coating [41]. The TFFC InGaN QWs 
LED with GaN micro-domes [Fig. 1(b)] is based on the low cost self-assembled approach. 

3. 3-D FDTD method for calculation of light extraction efficiency 

3-D FDTD method was used to calculate the light extraction efficiency of the TFFC InGaN 
QWs LEDs with both flat surface and GaN micro-domes. The p-GaN layer thickness is 
critical for optimizing the light extraction efficiency due to the interference between the 
dipole source and the reflected waves from the bottom mirror. The effect of the micro-dome 
size on the light extraction efficiency was studied for the TFFC LEDs with GaN micro-
domes. Note that the feature size of GaN micro-domes is in the range of submicron to micron, 
which is comparable to the wavelength emitted from InGaN QWs. As compared to the 
traditional approach based on ray tracing, the FDTD method is more accurate to solve the 
differential forms of Maxwell’s equations with specific boundary conditions in such complex 
geometries. 

In order to apply the Maxwell’s equations by numerical method so as to realize FDTD 
calculation, Yee’s mesh is used to enable analyzing the electromagnetic fields discretely in 
both space and time [42]. Figure 2 shows the unit cell of Yee’s mesh grid, which involves 

positioning of the E  and H  in the cubic-cell space lattice with offset n + 1 and n + 1/2 (n is 
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integer), respectively. In three dimensions, the Maxwell’s curl equations could be developed 
into the time-differentiated, spatial components in Cartesian coordinate system, which have 
six electromagnetic field components in each respective axis as shown in Fig. 2: Ex, Ey, Ez and 
Hx, Hy, Hz. All field components could be solved based on the set of differential form of 
Maxwell’s equations. The spatial size of mesh is defined by x , y and z , which directly 

related to the simulation time and memory requirements in practical FDTD calculation. Based 
on this model, the Maxwell’s equations are solved discretely in time, where the time 

step t here is defined by the mesh size through the speed of light. When the limit of mesh 

size goes to zero, the technique should be supposed to exactly represent the accurate 
calculation of Maxwell’s equations. 

 

Fig. 2. Yee’s mesh cell: Maxwell’s equations are solved discretely in unit of Yee’s mesh cell. 

In this calculation, the loss from material absorption and the wavelength dependence of 

the refractive index n(λ) are taken into account [43]. If we take the E along z direction as an 
example, the absorption in one unit Yee’s mesh cell could be calculated as below: 

 

1 1
1 / 2 2 /1 2 2
1 / 2 2

n n
t t sn nE E H Hz x y x
t t

 

   

 
                 

       
 

 (1) 

where ε and σ are the permittivity and conductivity of the material, respectively. 
Here, the lateral dimension of the computational domain is set as 10μm which is much 

smaller than that of the real LEDs (~300-1000μm). The boundary conditions for the four 
lateral boundaries as shown in Fig. 1 are set as perfect mirror to represent the limited lateral 
dimension as infinite [44, 45]. The reflections from the boundary perfect mirror takes into 
account the light extraction beyond the computational domain. With the perfect mirror lateral 
boundary conditions and the reflective layer at the bottom, photons emitted from the InGaN 
QWs and the light propagating after reflections can only be extracted out from the top n-GaN 
surface. The boundary condition for top simulation area is set as perfectly matched layer 
(PML) boundary condition, which absorbs electromagnetic energy incident upon it. 

In the simulation, a single polarized dipole source is placed in the InGaN QWs active 
region, and the detection plane is set as λ/n(λ) away from the emission surface of n-GaN, 
where λ represents the peak emission wavelength from the InGaN QWs and n(λ) is the 
wavelength dependent refractive index of the media. The maximum mesh step is set as 
λ/10*n(λ), and the average grid points are estimated around 1800000 in the computational 
domain, which generates good accuracy in the light extraction efficiency calculation. 
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The light extraction efficiency is defined as the ratio of total extracted light power to the 
total power emitted from InGaN QWs. In this simulation, the extracted power from TFFC 
LED surface can be obtained by integrating the Poynting vectors over far field projection 
surface, and the total power emitted from QWs were calculated by Poynting vectors 
integrated surrounding the near field of dipole source. The power integral equations can be 
expressed as: 

     
1

2
real P dS     (2) 

where E(ω) is the calculated energy,  P  is the Poynting vector depending on light angular 

frequency, and dS is the surface normal. In the far field, Poynting vectors could be calculated 

from electric field component  E   based on the plane wave approximation, as follows: 

      
20

0

P n E


  


  (3) 

4. Results and discussions 

4.1 Transverse Electric(TE) and Transverse Magnetic(TM) Components in InGaN QWs LEDs 

In order to study the transverse electric (TE) and transverse magnetic (TM) components of the 
InGaN QWs spontaneous emission (Rsp), the calculations of the band structure and 
wavefunctions for InGaN QWs were carried out by using self-consistent 6-band k∙p method 
for wurtzite semiconductors, taking into account the valence band mixing, strain effect, 
polarization fields, and carrier screening effect [15, 46]. 

 

Fig. 3. Spontaneous emission spectra (TE component and TM component (x50)) for InxGa1-xN 
QWs LEDs with x = 0.1, 0.2, 0.25 and 0.3. 

Figure 3 plots the TE component and TM component (x50) of the spontaneous emission 
spectra for 3-nm InxGa1-xN QWs with In-contents of x = 0.1, 0.2, 0.25 and 0.3, respectively. 
From Fig. 3, the TE spontaneous emission component dominates the total Rsp in the visible 
wavelength regime. In this calculation, the TE polarized dipole source is used for the light 
extraction efficiency calculation. 

4.2 Effect of P-GaN layer thickness on light extraction efficiency for TFFC InGaN LEDs 

Note that in the TFFC LEDs, the QWs active region is placed close enough to the reflective 
metallic mirror (on the order of 150-400 nm). The light emitted from QWs will interfere with 
the reflected waves, and the coupled interference patterns in the escape cone will lead to 
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significant changes in light extraction efficiency from conventional flip chip LEDs [48, 49]. 
In the FDTD calculations for conventional TFFC InGaN LEDs with flat surface, the distance 
between InGaN QWs active region and reflective layer could be modified by varying the p-
GaN layer thickness, which is critical for optimizing the LED light extraction efficiency. 
Theoretical analysis on the optical cavity effects provides a reasonable model to analyze the 
dependence trend by calculating the monochromatic transmittance curve, in which the optical 
cavity is based on planar micro-cavity structure with a high-reflectance bottom mirror [50]. 

 

Fig. 4. Schematic of TFFC InGaN QWs LED with interference between emission of QWs and 
from bottom mirror. 

As shown in Fig. 4, if a monochromatic oscillating dipole source with vacuum wavelength 
λ is located at a distance t above the bottom mirror, the interference patterns of the electric 
field upon dipole source and mirror could be expressed as follows [51]: 

    
22 2 22 ( ) 2( ) 1 ( ) 1 2 cos2 ( )

0 0
iE E r E re r           (4) 

where ( )
0

E  is the electric field without mirror underneath, r is the amplitude reflectivity of 

bottom mirror, and ( )   is the phase shift due to optical path difference, which is related to 

the source-mirror distance t, the incident angle  (from the normal) and associated wave 

vector 
2 ( )n

k
 


 . Note that half-cavity approximation is used here to assume the media 

thickness above the mirror is infinite. Also, the lifetime, polarization, and orientational effects 
of the dipole source are not taken into account for simplicity so as to get the upward-radiated 
electric far field from Eq. (4). Since phase shift upon the reflections off the mirror is neglected 
here, the total phase shift from optical path difference could be calculated as: 

 2 2 coskt   (5) 

Another approximation here is made to assimilate normal incident light ( 0  ) and 

incident light within critical angle ( c  ). For an dipole source located near bottom mirror, 

the phase changing difference for rays propagating between normal incidence and critical 

angle incident direction is trivial, hence cos  could assume to be 1 when c  . 

Constructive interference coupling happens when 2 2kt m  with integer m for + r and half-

integer m for –r. Under perfect mirror approximation ( 1r  ) in Eq. (4), two constructive 

interference with + r and –r will bring the maximum ( 22 ( ) 4 ( )max 0
EE   ) and minimum 

( ( ) 0minE   ) electric field, respectively. Then the source-mirror distance t corresponding to 
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constructive interference between emitted light and reflected light could be achieved as 
follows: 

 ( )
2 ( )

m
t

n





  (6) 

which indicates the periodicity of t is 
2 ( )n




. 

 

Fig. 5. Light extraction efficiency for the conventional TFFC InGaN QWs LEDs at wavelength 
(a) λpeak = 460nm and (b) λpeak = 550nm with flat surface as a function of the p-GaN layer 
thickness. N-GaN thickness is 2.5μm. Dash line and solid dots represent the theoretical fitting 
curve and the FDTD calculation results, respectively. 

The dependence of the light extraction efficiency of TE polarized spontaneous emission 
component for the TFFC InGaN QWs LEDs on p-GaN layer thickness was calculated with 
wavelength of λpeak = 460nm and λpeak = 550nm, as shown in Fig. 5(a) and Fig. 5(b) 
respectively. The solid dots represent FDTD simulated results, and the dash line is the 
theoretical fitting curve, which was obtained from Eqs. (4) and (6) regarding oscillation 
periodicity and amplitude. In Fig. 5(a), the p-GaN layer thickness (t) periodicity calculated 
from Eq. (6) at λpeak = 460nm is 92.9 nm and the peak light extraction efficiency amplitude is 
0.198, which provides a good fitting to the solid dots obtained from FDTD calculation. In Fig. 
5(b), the p-GaN layer thickness periodicity of t and light extraction efficiency amplitude 
corresponding to λpeak = 550nm are 113.3 nm and 0.204 respectively, which also shows good 
agreement with the solid dots. Note that the complex refractive index of GaN used in the 

calculation is 2.48 + i1.3x10
3

 (λ = 460nm) and 2.41 + i4.6x10
4

 (λ = 550nm) [43]. 
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From Fig. 5, the strong effect of the p-GaN layer thickness on the light extraction 
efficiency indicates the importance of optimizing the p-GaN thickness for the TFFC InGaN 
QWs LEDs. The peak light extraction efficiency and oscillation periodicity are determined by 
the emission wavelength and the material. The typical p-GaN layer thickness in InGaN QWs 
LEDs is around 200 nm. From Fig. 5, the optimized p-GaN layer thickness of 195 nm (λpeak = 
460nm) and 230nm (λpeak = 550nm) were obtained for maximum light extraction of the 
conventional InGaN QWs TFFC LEDs with flat surface. 

4.3 Effect of micro-dome (micro-hemisphere) size on light extraction efficiency for TFFC 
InGaN LEDs 

In this work, the effects of the micro-dome diameter (D) and height (h) on the light extraction 
efficiency of the TE polarized spontaneous emission component were studied. Figure 6 plots 
the light extraction efficiency of the TFFC InGaN QWs LEDs with GaN micro-domes (h = 
D/2) as a function of the micro-dome diameter (D) at λpeak = 460nm and λpeak = 550nm. The 
optimized p-GaN layer thickness of 195 nm (λpeak = 460nm) and 230nm (λpeak = 550nm) were 
used in the calculation. The top n-GaN layer thickness is set as 2.5μm. Note that the 
extraction efficiency at D = 0 represents the case for conventional LEDs with flat surface. 
From Fig. 6, the LEDs with GaN micro-domes show significant enhancement of the light 
extraction efficiency at different micro-dome diameter. For emission wavelength of λpeak = 
460nm, the light extraction efficiency of LEDs with GaN micro-domes increases significantly 
from 0.209 (D = 0) to 0.476 (D = 500nm) and forms a peak at D = 500nm. Then the light 
extraction efficiency increases slightly and saturates (0.53) when D > 1μm. The light 
extraction efficiency of LEDs with GaN micro-domes for emission wavelength λpeak = 550nm 
is also calculated for comparison. The result shows similar trend: it forms a peak with 
extraction efficiency of 0.477 at D = 600nm and saturates at 0.53 when D > 1.25μm. 

 

Fig. 6. Light extraction efficiency enhancement of TE polarized spontaneous emission 
component for TFFC InGaN QWs LEDs with optimized p-GaN thickness (195nm for λpeak = 
460nm, 230nm for λpeak = 550nm as a function of GaN micro-hemisphere diameter (D). 

Note that the light extraction efficiency of TFFC InGaN LEDs with GaN micro-domes as 
a function of the micro-dome diameter shows similar trend for emission wavelength of 460 
nm and 550 nm. There exists a peak extraction efficiency value before the light extraction 
efficiency saturates at larger micro-dome diameter. The diameter corresponding to the peak 
light extraction efficiency shifts from D = 500 nm for λpeak = 460nm to D = 600 nm for λpeak = 
550nm, which indicates its wavelength dependence characteristics. The maximum light 
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extraction efficiency enhancement of 2.6 times (λpeak = 460nm) and 2.8 times (λpeak = 550nm) 
are obtained from LEDs with GaN micro-domes when D~2μm. 

For practical LED device fabrication, smaller size micro-domes are preferable due to 1) 
the short etching time required to form GaN micro-domes, and 2) less potential effect on 
InGaN QWs active region if the GaN micro-domes are distant from the QWs. Thus, the 
suitable micro-domes (h = D/2) for λpeak = 460nm and λpeak = 550nm are D = 1μm (2.53 times) 
and D = 1.25μm (2.74 times), respectively. 

4.4 Effect of micro-dome size (micro-hemiellipsoid) on light extraction efficiency for TFFC 
InGaN LEDs 

The light extraction efficiency of TFFC InGaN QWs LED with micro-domes was studied by 

tuning the micro-dome height h (hD/2). The studies indicate the optimized micro-dome 
structure for highest light extraction efficiency is not necessary from the micro-domes with h 
= D/2 (micro-hemisphere). Figure 7(a) shows the geometric structure of the general micro-

dome structure on n-GaN layer, where hD/2. Figure 7(b) plots the light extraction efficiency 
of TFFC InGaN QWs LED with micro-dome structure as a function of the micro-dome height 
h for emission wavelength at λpeak = 460nm. 

 

Fig. 7. (a) Geometric structure of the general micro-dome structure on n-GaN emission surface 
of TFFC InGaN QWs LED with diameter D and height h; (b) light extraction efficiency at λpeak 
= 460nm from InGaN QWs TFFC LED with micro-dome structures as a function of micro-
dome height h for diameters D = 500nm, D = 1000nm and D = 1500nm. 

Three micro-dome diameter sizes D = 500nm, D = 1000nm and D = 1500nm were studied 
and plotted in Fig. 7(b). Note that the yellow triangular dot on each curve indicates the light 
extraction efficiency with micro-hemisphere structure (h = D/2). The light extraction 
efficiency at h = 0 represents the case for the conventional LED with flat surface. From Fig. 
7(b), the optimized micro-dome structure for highest light extraction efficiency occurs at 
h>D/2. For TFFC InGaN QWs LEDs with GaN micro-domes emitting in the visible 
wavelength region, the light extraction efficiency could be optimized by tuning both the 
diameter and the height of the micro-domes. The enhancement of 2.71 times was achieved at 
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λpeak = 460nm when D = 1μm and h = 1.7μm. In practical devices, the aspect ratio of the GaN 
micro-domes is not required to be accurately controlled to form exact micro-hemisphere 
shape, which provides tolerance for device fabrication. 

4.5 P-GaN layer thickness dependence of light extraction efficiency for TFFC InGaN QWs 
LEDs 

 

Fig. 8. Light extraction efficiency for the conventional TFFC InGaN QWs LEDs (λpeak = 
460nm) with flat surface and with GaN micro-domes as a function of the p-GaN layer 
thickness assuming the ambient medium is (a) air (n = 1), and (b) epoxy resin (n~1.5). Dash 
lines and solid dots represent the theoretical fitting curves and the FDTD calculation results, 
respectively. 

The light extraction efficiency dependence on the p-GaN layer thickness for the TFFC InGaN 
QWs LEDs with 1 μm diameter of GaN micro-domes was calculated and plotted, as shown in 
Fig. 8. Figure 8(a) calculated the case that assumes the ambient medium is air (n = 1), and 
Fig. 8(b) calculated the case that assumes the ambient medium is epoxy resin (n~1.5), which 
is widely used in the current LEDs. For both cases, the periodic oscillations of the light 
extraction efficiency as a function of the p-GaN layer thickness for the conventional TFFC 
InGaN QWs LEDs with flat surface were also plotted for comparison. The results show good 
agreement between the theoretical fitting curves (dash lines) and the FDTD simulation results 
(triangular dots) for the TFFC InGaN LEDs. 
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Note that the LED with GaN micro-domes show significant light extraction efficiency 
enhancement at different p-GaN layer thickness as compared to that of the conventional LED. 
The light extraction efficiency for the LEDs with micro-domes also oscillates as a function of 
the p-GaN layer thickness, but with smaller amplitude of oscillation as compared to that of the 
conventional LEDs, which is due to the enhancement of the light escape cone from the GaN 
micro-domes. In conventional LEDs with flat surface and limited light escape cone, when the 
p-GaN layer thickness leads to a destructive interference within the escape cone, the 
constructive interference exists beyond the photon escape cone, which results in extremely 
low light extraction efficiency. In LEDs with GaN micro-domes and p-GaN thickness for 
destructive interference, the increase of the light escape cone leads to light extraction 
efficiency enhancement of the constructive interference, which is otherwise trapped inside the 
semiconductor in conventional LEDs with narrow light escape cone. This indicates the TFFC 
LED light extraction efficiency has weaker dependence on the p-GaN layer thickness by 
employing the GaN micro-domes. 

For practical conventional TFFC InGaN LED epitaxy, the p-GaN layer thickness is 
required to be precisely controlled in order to obtain the maximum light extraction efficiency. 
By employing GaN micro-domes, it provides more tolerance for the p-GaN layer growth. The 
use of GaN micro-domes contributes higher light extraction efficiency in a wider range of p-
GaN layer thickness. 

5. Conclusion 

The light extraction efficiency for TFFC InGaN QWs LEDs was studied by using 3-D FDTD 
method. TFFC InGaN QWs LEDs with GaN micro-domes on top of n-GaN layer show 
significant enhancement of light extraction efficiency. The optimized light extraction 
efficiency enhancement of 2.5-2.7 times (λpeak = 460nm) and 2.7~2.8 times (λpeak = 550nm) 
for LEDs with GaN micro-domes were achieved with micro-dome size of D~1μm and h~0.5-
1.7 μm (λpeak = 460nm) and D~1.25μm, h~0.625μm (λpeak = 550nm). The design of the LEDs 
with GaN micro-domes has great potential to significantly enhance the total light extraction 
efficiency of the TFFC InGaN QWs LEDs and allows more tolerance in p-GaN layer growth 
thickness, which in turn leads to enhancement of the total external quantum efficiency of 
InGaN QWs LEDs in a wider range of p-GaN layer thickness. 
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