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Abstract: We conducted a systematic investigation of the light extraction efficiency (LEE)
of GaN-based vertical micro-scale light-emitting diode (μ-LED) structures using three-
dimensional finite-difference time-domain (FDTD) simulations. The LEE of μ-LED structures
was found to have a strong dependence on structural parameters such as the shape of
the chip cross section, chip dimension, and p-GaN thickness. The LEE of a μ-LED with a
circular cross section was lower than that of a μ-LED with a square cross section by 5∼10%
owing to the coupling of light with high-quality-factor whispering gallery modes. The LEE of
a μ-LED structure decreased as the chip dimension increased, which could be attributed
to the increased portion of trapped light inside the LED chip and increased light absorption
in the GaN with an increasing chip dimension. In addition, the LEE varied significantly with
the thickness of the p-GaN layer, which could be explained by the strong dependence of the
angular distribution of the emission pattern on the p-GaN thickness. The FDTD simulation
method presented in this study is expected to be advantageously employed in designing
μ-LED structures with high LEE.

Index Terms: Micro-LED, light-emitting diode, light extraction efficiency, FDTD.

1. Introduction
Recently, there has been an increasing interest in micro-scale light-emitting diodes (μ-LEDs),
which can be utilized as light sources for deformable displays, optogenetics, and visible light
communications [1]–[6]. GaN-based blue μ-LEDs have advantages in such applications in terms of
their high luminous efficiency, long lifetime, fast on/off time, and robustness in extreme conditions.
As the lateral dimension of μ-LEDs decreases, a higher resolution in displays, higher modulation
bandwidth in communications, and lower chip cost are expected to be achieved. To reach a high
resolution in displays, μ-LEDs are required with dimensions below 20 μm. So far, μ-LEDs with
dimensions even smaller than 10 μm have been demonstrated [7]–[11]. Several groups have
investigated the effect of the chip dimension on the external quantum efficiency (EQE) of a μ-LED
[6], [8]–[13]. It has typically been reported that the EQE of μ-LEDs decreases as the chip dimension
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decreases, which has been attributed to increased surface recombination at defects on the side
walls of the chip [8], [14], current crowding effects [13], [15], and thermal effects [12].

The EQE is the product of the internal quantum efficiency and the light extraction efficiency
(LEE). Because the LEE can also depend on the lateral chip size of a μ-LED, it may have a
significant influence on the EQE of a μ-LED. However, the effect of the LEE on the efficiency
of μ-LEDs remains relatively unexplored. Because it is difficult to determine the LEE by exper-
imental measurements, the LEE of LEDs has mainly been evaluated by numerical simulations.
The finite-difference time-domain (FDTD) method has been widely employed to study the optical
characteristics and LEE of GaN-based LED structures where micro- or nano-scale objects are
included [15]–[21]. Although accurate simulation results can be obtained using the FDTD method,
the computational resources required for FDTD simulations increase considerably as the structure
size increases. Therefore, three-dimensional (3-D) FDTD simulations for full-scale LED structures
have been challenging.

Nevertheless, the 3-D FDTD method can be employed for the LEE simulation of a vertical chip
or thin-film flip-chip structure where the substrate is removed. In this case, the lateral dimension of
an LED structure is truncated by imposing metal boundary conditions, assuming that light is mostly
emitted through the top surface of the LED chip and the sidewall emission is negligible [16]–[18].
This assumption can be valid because the lateral dimension of a large-area vertical LED chip can
be as large as 1 mm whereas the vertical dimension is only several μms. Several groups have also
presented μ-LED structures with vertical or flip-chip structures for efficient heat dissipation through
a small chip area [2], [7], [15], [23]–[25]. However, side-wall emissions cannot be neglected for the
simulation of μ-LED structures. The importance role of the side-emission in the angular emission
characteristics have been reported in Refs. [26], [27]. Therefore, a full 3-D simulation including the
entire μ-LED structure is required to accurately determine the LEE. To our knowledge, few studies
have quantitatively evaluated the LEE for μ-LED structures.

In this study, we numerically investigated the LEE for GaN-based vertical μ-LED structures using
the 3-D FDTD method. The entire chip structure was included in the computational domain, and
the LEE was averaged over the source positions, spectrum, and polarizations, which is expected to
yield accurate simulation results for the LEE. Although the reported μ-LED structures have mostly
been fabricated with a square cross section, several groups have demonstrated μ-LED structures
with a circular cross section [1], [12], [13], [28]. Therefore, we considered μ-LED structures with a
square or circular cross section. The LEE was simulated as the lateral chip dimension varied from
5 to 30 μm, to understand the role of the LEE in the chip-dimension-dependence of the EQE of
μ-LEDs. In addition, the dependence of the LEE on the p-GaN thickness was investigated and its
dependence was analyzed based on the angular distribution of emission profiles.

2. Simulation Structure and Method
For the simulation of this work, a commercial FDTD simulation program by Lumerical Inc. was
employed [29]. Fig. 1(a) schematically illustrates the side view of the simulated μ-LED structure
in the FDTD computational domain. The entire LED structure was contained inside the compu-
tational domain, and the perfectly-matched-layer (PML) boundary conditions were employed on
all boundaries of the domain. The layer structures of the μ-LED were composed of a 3-μm-thick
n-GaN layer, 50-nm-thick InGaN/GaN multiple-quantum-well (MQW) active layers, and a p-GaN
layer on a high-reflectivity Ag reflector. The refractive index of GaN was set to 2.45, and the In-
GaN/GaN MQW active region was modeled as a uniform medium with the effective refractive index
of 2.49 [30].

The absorption coefficient of the GaN material was varied from 0 to 50 cm−1 [31]–[33]. The
complex refractive index of Ag was chosen to be 0.14 + 2.47 i [34], which results in a reflectance
between the p-GaN and Ag of ∼90%. The μ-LED chip was assumed to be enclosed with an
epoxy encapsulant with a refractive index of 1.5. In the simulation in this study, we systematically
investigated the dependence of the LEE on the chip shape, chip dimension, p-GaN thickness, and
the absorption coefficient of GaN.
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Fig. 1. (a) Schematic side-view (x-z plane) diagram of the simulated μ-LED structure. The entire LED
structure is contained inside the FDTD computational domain with PML boundaries. (b) and (c) Top-
view (x-y plane) of the μ-LED structures with circular and square cross sections, respectively. FDTD
simulations were performed for each source point, represented as solid dots in (b) and (c). The LEE of
μ-LED structures is calculated when varying the thickness of p-GaN [tp in (a)], diameter of the circular
cross section [D in (b)], and side length of the square cross section [L in (c)].

In the FDTD simulation, a single dipole source was placed at the center of the MQW active
region in the z-direction of Fig. 1(a). The spectral intensity distribution of the dipole source was
assumed to follow a Gaussian lineshape function, with a peak wavelength of 450 nm and full-width
at half-maximum of 20 nm. For the evaluation of the LEE, the total dipole radiation power was
firstly calculated in a small box surrounding the dipole source. Next, the radiation power outside
the LED chip was calculated on the detection plane near the PMLs, as indicated by dotted lines
in the computational domain in Fig. 1(a). Then, the LEE was determined as the ratio of the power
on the detection planes to the total radiated power. The LEE at a position (x, y) with polarization
state p was obtained considering the spectral average of the source spectrum [35].

ηp(x, y ) =
∫

ηλ
p (x, y )S(λ)dλ
∫

S(λ)dλ
, (1)

where ηλ
p (x, y ) is the LEE at position (x, y) and wavelength λ, and S(λ) is the spectral intensity

distribution. Here, we considered only x and y directions of the dipole source because InGaN QWs
have been known to emit the light polarized mostly in the direction parallel to the QW plane and
hence the contribution of the light polarized in the z direction would be negligible [18], [36]–[38].
Because the LEE can depend on the source position and polarization, it is necessary to perform
averaging over the active area and two polarization directions in the xy plane. The averaged LEE
(η) can be written as

η =
∑

p=1,2

∫
area ηp(x, y )dxdy

2
∫

area dxdy
, (2)

where ηp(x, y ) is the LEE at the position (x, y) with polarization state p. For each source position,
there are two orthogonal polarization directions: the x-polarization and y-polarization.

We calculated the LEE for μ-LED structures of circular and square cross section shapes. Fig. 1(b)
and (c) shows the cross sectional views of the simulated μ-LEDs in the xy plane for the circular
cross section with diameter D and the square cross section with side length L, respectively. The
solid dots inside each LED structure represent the positions of the dipole sources where the LEE
simulation was performed. As shown in Fig. 1(b), for the LED with a circular cross section, it was
sufficient to calculate the LEE for the source points in the positive x direction, using its circular
symmetry. In this case, η for the circular μ-LED with radius R is simplified as [35]

η =
∑

p=1,2

∫ R
0 ηp(x )(2πx )dx

2πR2
= 1

R2

∑

p=1,2

∫ R

0
ηp(x )xdx, (3)
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Fig. 2. (a) LEE of the μ-LED with a circular cross section as a function of the source position in the
x direction for the x- and y-polarized dipole sources. Here, the diameter (D) is 20 μm. (b) The LEE
averaged over source points and polarizations is plotted as a function of the diameter from 2 to 25 μm.

where ηp(x ) is the LEE at position x with polarization state p. For example, for the μ-LED with a
D value of 20 μm, 10 source points were used for averaging in Eq. (3), as shown in Fig. 1(b). For
the square-shaped LED, it was necessary to consider the source points inside the shaded area in
Fig. 1(c) as a result of the square symmetry. For example, with L equal to 20 μm, the LEE was
calculated for 28 source points with two polarization states as shown in Fig. 1(c).

3. Results and Discussion
Fig. 2 shows the LEE of the μ-LED with a circular cross section as a function of the source position
in the x direction for D equal to 20 μm. Here, the p-GaN and n-GaN thicknesses were 100 and
3000 nm, respectively. The absorption coefficient of the GaN layers was set to 30 cm−1. The highest
LEE of ∼0.87 was obtained at the center of the LED (x = 0), and the LEE maintained high values
of >0.85 for the source positions with x < 5 μm. However, the LEE begins to decrease rapidly
for x greater than 5 μm, especially for the x-polarization. When the source position is near the
boundary of the LED, the LEE decreases to below 0.50 for the x-polarization. This large decrease
in the LEE for the x-polarized light is attributed to the coupling of the dipole source with whispering
gallery modes (WGMs) that exist along the circumference of the circular boundary [39]. The WGMs
generally have high quality factors and polarizations in the radial direction of the circle. Therefore,
the x-polarized dipole source near the LED boundary can easily couple with the WGMs. The light
coupled with the WGM travels along the circumference of the LED and escapes from the LED fairly
slowly, resulting in a low LEE.

The averaged LEE was calculated using the data in Fig. 2(a) and Eq. (3). This was obtained
as 0.8 for the y-polarization and 0.64 for the x-polarization. When the LEE was further averaged
over the two polarizations, a value of 0.722 was obtained. The LEE of μ-LEDs with a circular cross
section was simulated for other diameters between 2 and 25 μm. Fig. 2(b) shows the average LEE
as a function of the diameter (D) from 2 to 25 μm. The averaged LEE gradually decreases as
D increases, which can be attributed to the increased light absorption in the GaN layers and Ag
reflector with an increasing chip size. The LEE of the circular μ-LED with D between 5 and 25 μm
ranges from 70% to 80%, and it can be increased to >85% when D is reduced to ∼2 μm.

Fig. 3 shows the LEE of the μ-LED with a square cross section at the source positions (x, y)
shown in Fig. 1(c) with a side length (L) of 20 μm. The LEE at (x, y) tends to increase slightly as
both x and y increase, and lies between 0.765 and 0.785. However, the difference in the LEE at
different source positions is fairly small compared to the case of the circular cross section. Indeed,
the largest difference between source points is less than 0.02. The relatively uniform LEE between
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Fig. 3. LEE of the μ-LED with a square cross section at source positions (x, y) shown in Fig. 1(c) for
(a) the x –polarized light and (b) y-polarized light. Here, the side length (L) is 20 μm.

Fig. 4. (a) Averaged LEE and the LEE at the center of the μ-LED with a square cross section as a
function of the side length L. (b) LEE of the μ-LED with a square cross section as a function of L. Solid
lines represent the LEE of the μ-LED with the Ag reflector and absorption coefficient of GaN between 0
and 50 cm−1. For comparison, the LEE of the μ-LED with the perfect reflector and a = 0 is also shown
as a dotted line.

source positions implies that the effect of resonant modes such as WGMs is not important in the
case of a square cross section. The average and standard deviation of the LEE at (x, y) are 0.773
and 0.006, respectively. For a precise evaluation of the LEE, it would be necessary to perform
averaging over the area and polarization using Eq. (2). However, this averaging process requires
too much computational resources. Therefore, we choose the LEE at the origin (x = y = 0) as the
representative LEE value of μ-LEDs with a square cross section. In this case, the LEE at the origin
was 0.771 which deviates from the averaged LEE by only 0.002.

We compared the averaged LEE and the LEE at the center of the μ-LED with a square cross
section for other values of the side length from 1 to 15 μm. Fig. 4(a) shows the averaged LEE and
the LEE at the center as a function of L. When L is equal to or greater than 10 μm, the relative
difference between the average LEE and the LEE at the center was less than 0.5%. When L is
smaller than 10 μm, the LEE at the center becomes higher than the averaged LEE as L decreases.
Therefore, we employ the LEE at the center as the representative LEE value for the square-shaped
μ-LED with L equal to or greater than 10 μm, whereas the averaged LEE is used for the μ-LED
with L smaller than 10 μm.

Fig. 4(b) shows the LEE as a function of L for square-shaped μ-LEDs. Here, the LEE was
calculated when the absorption coefficient (a) for the p-GaN and n-GaN layers was 0, 10, 30,

Vol. 12, No. 2, April 2020 1600110



IEEE Photonics Journal Light Extraction Efficiency of GaN-Based

Fig. 5. LEE of μ-LEDs as a function of the cross-sectional area for the square and circular cross
sections.

and 50 cm−1 for the Ag reflector to observe the effect of optical absorption inside the LED chip.
For comparison, the LEE for the perfect reflector with 100% reflectance and a = 0 was also
simulated to observe the pure geometrical effect excluding any optical loss caused by absorption
and reflection. For the case of the perfect reflector without absorption in GaN, the LEE was ∼100%
when L was less than or equal to 8 μm. This implies that the escape cone of light inside the
LED covers all the surfaces of the square LED chip with L ≤ 8 μm. As L increased from 10 to
30 μm, the LEE decreased from 0.986 to 0.854, implying that the portion of light confined inside
the LED chip by the total internal reflection (TIR) increases as the chip size increases. When
the perfect reflector was replaced with the Ag reflector, the LEE decreased by 8∼12%, which
illustrates the importance of the reflectance of the bottom reflector in the LEE. For the case of
the Ag reflector, the LEE decreased gradually as L increased, as in the case of the circular cross
section in Fig. 2(b). As a increased, the LEE decreased because of the increased light absorption
in GaN. When L = 5 μm, the difference between the LEE at a = 0 and 50 cm−1 was 3.1%.
However, this difference increased to 5.5% for L = 30 μm, as a result of the increased influence
of light absorption in GaN and Ag with an increasing chip size. The LEE could be higher than 0.8
for L < 10 μm and 0.75 for L < 20 μm unless a was greater than 50 cm−1. For L < 2 μm, the
LEE can be higher than 0.9. For this small-size chip, the LEE is limited by the light dissipation at
the Ag reflector. Note that this relatively high LEE has been achieved without texturing the chip
surface.

The LEE is compared for μ-LEDs with circular and square cross sections in Fig. 5. The LEE is
plotted as a function of the cross sectional area for the circular and square cross sections. Here,
a was fixed at 30 cm−1, and the thicknesses of p-GaN and n-GaN were set to 100 and 3000 nm,
respectively. For the same chip area, the LEE of the LED with a square cross section was higher
than that of the LED with a circular cross section by between 5% and 10%. The lower LEE of
the μ-LED with a circular cross section results from the significant decrease in the LEE near the
chip boundary owing to the coupling of WGMs as shown in Fig. 2(a). Therefore, the μ-LED with a
square cross section is advantageous over that with a circular cross section in terms of achieving a
high LEE. So far, we have shown that the LEE of μ-LEDs increases slowly with a decreasing chip
dimension. In contrast, the EQE of μ-LEDs has been reported to decrease as the chip dimension
decreases, which has been attributed to increased surface recombination and current crowding
effects [7], [12]–[14]. If the chip-dimension dependence of the LEE was included, then the effects
of surface recombination and current crowding on the EQE could be more significant as the chip
dimension decreases.

Next, the dependence of the LEE on the thickness of p-GaN (tp) was investigated for the square-
shaped μ-LED. Fig. 6(a) shows the LEE for the total emission, top emission, and side emission

Vol. 12, No. 2, April 2020 1600110



IEEE Photonics Journal Light Extraction Efficiency of GaN-Based

Fig. 6. (a) LEE of the square μ-LED with L equal to 20 μm as a function of the p-GaN thickness (tp). The
LEE for the top and side emissions is shown separately. The total LEE is the sum of the top-emission
and side-emission LEEs. (b) Total LEE as a function of the p-GaN thickness for L of 5, 10, and 20 μm.

as a function of tp between 60 and 140 nm with L equal to 20 μm. The LEE is observed to be
strongly dependent on the p-GaN thickness. The highest total LEE of ∼0.77 was obtained at tp
equal to 90 and 100 nm. The total LEE decreases as tp decreases below 80 nm or increases over
110 nm. Indeed, it decreases to below 0.6 when tp is 60 or 140 nm. The top-emission LEE exhibits
the same dependence on the p-GaN thickness as the total LEE, whereas the side-emission LEE
has a dependence opposite to the total or top-emission LEE. The large variations in the top- and
side-emission LEE values with tp implies that the LEE can be related to the emission profile, which
is strongly influenced by the thickness of the p-GaN layer. Because the interference pattern of
the light emitted from the QWs with the light reflected at the Ag reflector depends on the relative
distance between the QWs and Ag, the emission profile, and hence the LEE, can be dependent on
tp. This light interference effect in vertical or flip-chip structures has also been reported in previous
works [16]–[18], [40]. The dependence of the LEE on tp was also investigated for other L values.
Fig. 6(b) compares the total LEE as a function of tp for L of 5, 10, and 20 μm. The variation of
the LEE shows a similar trend with the variation of tp. That is, the maximum value of the LEE was
obtained around tp of 100 nm for all L values from 5 to 20 μm. For a given p-GaN thickness, the
LEE increased as L decreased,

To understand the effect of tp, the angular distribution of the emission profile was calculated.
Fig. 7 shows the two-dimensional polar plot of the electric field intensity profile for tp equal to 60,
80, 90, 100, 120, and 140 nm. For this simulation, the absorption coefficient of the GaN layers was
set to 30 cm−1. The angular distribution is observed to vary considerably with the p-GaN thickness.
For tp equal to 60 nm, a strong side emission is observed, resulting in a high side-emission LEE and
low top-emission LEE, as shown in Fig. 6. In contrast, for tp between 80 and 100 nm, a relatively
strong emission in the vertical direction is observed, resulting in a low side-emission LEE and high
top-emission LEE. For tp of 120 and 140 nm, a relatively high intensity is observed in the polar
angle between 30° and 50°.

In the simulated μ-LED structure, the critical angle of TIR is calculated as sin−1(1.5/2.5) ∼37°.
Therefore, the light incident on the top surface with an angle larger than 37° may undergo TIR.
However, the light with an incident angle greater than 53° can escape through the side-walls of the
μ-LED when it is incident on the side-wall surface after reflecting at the top surface. Consequently,
the light with incidence angle between 37° and 53° can be trapped inside the LED structure. For
tp of 140 nm, a high intensity was observed within this angular range, resulting in a low LEE, as
shown in Fig. 6. The side-emitting light in Fig. 7(a) can mostly escape through the side-wall of the
μ-LED structure without TIR. However, the side-emitting light undergoes increased light absorption
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Fig. 7. Two-dimensional polar plot of the angular distribution of emission patterns for p-GaN thicknesses
(tp) of (a) 60, (b) 80, (c) 90, (d) 100, (e) 120, and (f) 140 nm. The polar angles from 0 to 80° are indicated
on each figure. A color-scale bar is shown at the right side of the figure, where the highest intensity is
normalized to 1.

Fig. 8. Two-dimensional polar plot of the angular distribution of emission patterns for p-GaN thicknesses
(tp) of (a) 60, (b) 80, (c) 90, (d) 100, (e) 120, and (f) 140 nm. The polar angles from 0 to 80° are indicated
on each figure. A color-scale bar is shown at the right side of the figure, where the highest intensity is
normalized to 1.

when it traverses the LED structure compared with the case of the top-emitting light because the
chip length (20 μm) is significantly longer than the chip thickness (∼3.1 μm). That is, the low LEE
for tp of 60 nm can be attributed to the large absorption loss in the GaN layers. The result of Fig. 7
implies that a high LEE can be obtained by adopting a suitable p-GaN thickness to achieve an
optimum emission profile.

Finally, the effect of surface patterning on the LEE of μ-LED structures was investigated. Fig. 8(a)
shows a schematic side-view diagram of a μ-LED structure with patterns on the n-GaN surface.
The patterns were assumed to be a two-dimensional array of GaN cones. Fig. 8(b) compares the
LEE of μ-LED structures with flat-top and patterned surfaces as the side length L varied. Here,
the absorption coefficient of the GaN layers was again set to 30 cm−1. In Fig. 8(b), the bottom
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diameter, height, and period of cone patterns were all assumed to be 1 μm. However, we found
that similar results on the LEE were obtained for other dimensions of the cone patterns. When L
was larger than 6 μm, the LEE of the patterned surface was higher than that of the flat-top surface.
This is because the portion of light trapped by TIR increases with increasing chip dimension for the
structure with flat-top surface, whereas the TIR can be spoiled by cone patterns for the structure
with patterned surface. However, for L equal to or greater than 6 μm, the difference in the LEE
between the two structures was negligible, implying all surfaces are within the escape cone of
emitted light for the structure with flat-top surface. For this small chip dimension, a high LEE >85%
could be obtained without surface patterning.

4. Conclusion
In summary, the structural parameter dependence of the LEE of GaN-based vertical-chip μ-LED
structures was systematically investigated using 3-D FDTD simulations. To obtain accurate simu-
lation results for the LEE, we performed a full-structure simulation with averaging over the spectral
distribution, dipole source positions, and source polarizations. The LEE of the μ-LED with a
circular cross section was found to be 5∼10% lower than that of the μLED with a square cross
section for the same chip area, resulting from the coupling of high-quality-factor WGMs in the
circular-shaped LED. A decrease in the LEE with an increasing chip dimension was also observed.
This is because the portion of light trapped inside the LED chip and the absorption in the GaN
layers and Ag reflector increased as the chip dimension increased. In addition, the thickness of
the p-GaN layer was found to have a strong influence on the LEE. This can be explained by the
angular distribution of the emission pattern, which varies significantly with the p-GaN thickness
owing to the interference of light reflected at the Ag reflector. A high LEE could be obtained at
a p-GaN thickness where the vertical emission was dominant. These strong dependences of the
LEE on certain structural parameters should be considered when analyzing the EQE for μ-LED
structures. The FDTD simulation results of this study are expected to provide insights into the
optical characteristics of μ-LED structures, and hence the design of high-efficiency μ-LEDs.
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