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Introduction 
Owing to advantages in reliability, long lifetime, vivid colors, and energy 

efficiency, InGaN/GaN multiple quantum well (MQW) light-emitting diodes 

(LEDs) are regarded as a promising candidate to replace conventional 

lighting devices and have been extensively applied in various areas, such as 

automotive, backlight sources, display screens, electronic equipment, 

communicating applications, and general lighting ( Ponce and Bour, 1997 ; 

Pimputkar et al., 2009 ; Kobayashi et al., 2012 ; Han et al., 2013 ). In order to

fulfill the requirement of these applications, LEDs with various sizes and 

geometries are developed and fabricated accordingly ( Kim et al., 2013 ; Cai 

et al., 2018 ). The micro-LED display is an emerging technology in general 

lighting and displays technology, which has shown its advantages in low 

power consumption, high dynamic range, short response time, and high 

contrast ratio ( Hwang et al., 2017 ). The micro-LED display utilizes existing 

LED technology, which is significantly more efficient at producing light 

compared to OLED, cathode ray tube (CRT), and other display technologies. 

The huge opportunity in consumer electronics and the increasing 

applications in virtual reality, wearable devices, augmented reality, and 

medical applications become the major driving force behind the recent 

rapidly growing development in mini- and micro-LEDs ( Park et al., 2009 ; 

Scharf et al., 2016 ; Son et al., 2018 ; Roche, 2019 ; Tang et al., 2019 ; 

Zhang et al., 2020 ). Extensive efforts of research have been devoted to 

studying the influence of size-reduction in the GaN-based LEDs ( Choi et al., 

2003a ; Sadaf et al., 2016 ; Kang et al., 2017 ; Wu et al., 2018 ; Huang et al., 

2019 ; Wong et al., 2019 ; Lin and Jiang, 2020 ). Francois et al. reported the 
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lower external quantum efficiency (EQE) and maximum EQE when the LED 

devices went smaller ( Olivier et al., 2017 ). Anis et al. also suggested the 

stronger Shockley-Read-Hall (SRH) non-radiative recombination was caused 

when the LED size tended to diminish ( Daami et al., 2018 ). However, Tao et

al. pointed out that the strain in QW was relaxed and Auger recombination 

was suppressed for smaller size LEDs, which lead to improved performance (

Tao et al., 2012 ). Besides, Bourim et al. indicated that the junction 

temperature of larger LED chips was higher than the smaller ones under the 

same current densities, which resulted in carrier escapes from quantum 

wells thus degraded performance was observed ( Bourim and Han, 2016 ). 

Huang et al. further concluded in the recent work that micro-LED would 

gradually move toward the central stage of the future display due to its 

advantages in energy efficiency ( Huang et al., 2020 ). 

Despite extensive reports on the effect of size-reduction in the GaN-based 

LEDs, no conclusive remarks can be drawn. Therefore, a systematical study 

with complementary theoretical simulation and experimental investigation is 

strongly required to resolve the discrepancy and uncover the underlying 

physics. Furthermore, most of the previous works focus on studying the 

influence of the total size or shape of the lateral mesa on the LED 

performance without analyzing the individual influence of size-reduction in 

one certain dimension. Thus, in this work, the size-reduction effect on the 

performance of InGaN/GaN LEDs is systematically analyzed with both 

experimental and numerical investigations. The influence of the size-

reduction of the lateral mesa in two directions on the performance of the LED
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chip is separately identified. Then the effect of size-reduction on the GaN-

based LEDs is concluded, which offers instructive guidelines in device 

miniaturization. Finally, a three-micro-walls LED architecture is proposed and

demonstrated with the aim of improving the light extraction efficiency and 

reducing the thermal heat generated. 

Materials and Methods 
The InGaN/GaN MQW LEDs studied in this work were grown on c-plane 

patterned sapphire substrates by metal-organic chemical vapor deposition 

(MOCVD) system. The sapphire substrate used is the two-inch patterned-

sapphire substrate that has periodic cone patterns with a diameter of 2. 

4 μm, a height of 1. 5 μm, and a pitch of 3 μm. The epitaxial growth was 

initiated on a 30-nm thick low-temperature GaN nucleation layer followed by 

a 4 µm unintentionally doped n-type GaN (u-GaN) layer. Subsequently, a 2-

μm thick Si-doped GaN layer was grown with a doping concentration of 5 × 

10 18 cm −3 , in which SiH 4 was adopted as the dopant source. Then, eight 

pairs of In 0. 15 Ga 0. 85 N/GaN MQWs with 3-nm thick QW and 12-nm thick QB

were grown. In addition, a 20-nm thick p-doped Al 0. 15 Ga 0. 85 N electron 

blocking layer (EBL) was grown to suppress the excess electron overflow into

the p-GaN region. Then a 200-nm thick Mg-doped GaN with a doping 

concentration of 3 × 10 17 cm −3 was grown as the hole source layer. The p-

type conductivity of the EBL and the hole source layer was realized by Mg 

doping where Cp 2 Mg was used as the Mg precursor. Subsequent to the 

epitaxial growth, the LED wafers were fabricated into flip-chip LED devices 

using standard fabrication processes. The mesa area was shaped using 
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reactive ion etching (RIE) for LED devices of different sizes. Ni/Ag 

(5 nm/5 nm) metal layers were deposited as the current spreading layer 

using e-beam evaporation, and Ti/Au (30 nm/1, 000 nm) metal layers were 

deposited as p- and n-electrode contact. A schematic diagram of the device 

structure is shown in Figure 1A . The current-voltage characteristics were 

determined by a LED tester (M2442S-9A Quatek Group) and the optical 

output power was measured by an integrating sphere attached to an Ocean 

Optics spectrometer (QE65000). 

FIGURE 1  

(A)The schematic diagram of the structure and the current flow paths from 

the p-GaN layer to the n-GaN layer, and(B)equivalent circuit of current path 

model for the flip-chip InGaN/GaN LEDs. 

To study the physical mechanism on how the size-reduction of the lateral 

mesa influences the LED performance, numerical simulations were 

conducted by Advanced Physical Models of Semiconductor Devices (APSYS) 

simulator, which self-consistently solves the Schrödinger equation, continuity

equation, and Poisson equation with proper boundary conditions. In the 

simulations, the Auger recombination coefficient was set to 1 × 1, 042 m 6 /s 

and 40% of the polarization charges were assumed such that 60% of the 

theoretical polarization charges were released because of the crystal strain 

relaxation by generating dislocations. The other parameters used in the 

simulation can be found elsewhere ( Meneghini et al., 2009 ; Kim et al., 2010
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; Kuo et al., 2011 ; Park et al., 2013 ; Zhang et al., 2013 ; Zhang et al., 2017

). 

Results and Discussion 
Figure 1A presents the schematic diagram of the structure and the current 

flow paths for the flip-chip InGaN/GaN LEDs, which is extensively used in 

commercial products and academic research due to its superiority in light 

extraction. In order to eliminate the influence of the electrode pattern (eg 

fingers), the p-contact metal layer covers the entire top surface of the p-GaN

layer. As shown in Figure 1A , there are two lateral orientations to follow 

when reducing the mesa size of the LED device: x- and y- directions. In order

to identify the individual influence on the LED performance, the effect of 

size-reduction in these two lateral orientations is separately investigated 

with the x- direction as the beginning. As we can see from the equivalent 

circuit shown in Figure 1B , there are plenty of current paths from the p-GaN 

layer to the n-GaN layer and according to Ohm's law we will have: 

I i = V R 1 + x i R 0 + W R 0 , ( 1 ) 

where I i is current corresponding to each path where i = 1, 2, …, k −1, and k

, in which k is infinity, x i denotes its corresponding length, V is the bias 

voltage applied to the LED, R 1 denotes the resistance along the vertical 

direction from the p-contact layer to the active region, L is the mesa size in 

the x -direction, W is the lateral length from the edge of n-contact to the 

edge of the p-GaN layer, and R 0 is the resistance per unit length of the n-
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GaN layer in the lateral direction along x . Then the average current for all 

current paths is obtained, as shown below: 

I average = 1 L ∫ 0 L I i d x = 1 L ∫ 0 L V R 1 + x i R 0 + W R 0 d x , ( 2 ) I 

average = V R 0 L ( ln 1 R 1 + L R 0 + W R 0 − ln 1 R 1 + W R 0 ) . ( 3 ) 

As we can see from the above equation, the average current for all the 

current paths is increased with the reduction of mesa size in the x -direction, 

which means the current becomes more uniform in the lateral direction and 

thus the current crowding effect is alleviated. As the p-GaN layer is entirely 

covered by the p-contact metal, the reduction of the mesa size in the y- 

direction has a minor contribution in alleviating the current crowding effect. 

Therefore, the alleviated current crowding as a consequence of the 

narrowing in the mesa size mainly originates from the uniform current 

spreading in the lateral x- direction. It is worth noting that if the finger shape 

or other types of electrode pattern is adopted in the p-contact metal layer, 

the electrode distribution along the lateral directions (both x - and y -

directions) will further affect the current spreading performance. In that 

case, the current spreading is subjected to the coupling effect of size-

reduction in the x- direction and electrode patterns ( Guo and Schubert, 2001

; Song, 2012 ). 

In order to further support the above conclusion that the size-reduction in 

the x- direction contributes to alleviated current crowding, the numerical 

calculations are conducted for the InGaN/GaN MQW LEDs with varied device 

dimensions of 45 × 200, 90 × 200, 135 × 200, and 180 × 200 μm 2 , 
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respectively. Here, the mesa dimension in the x -direction is narrowed from 

180 to 45 μm, while the dimension in the y -direction is fixed at 200 μm. 

Figure 2A shows horizontal profiles of electron current densities in the p-GaN 

layer for the LEDs with different mesa dimensions. Since the LEDs are of 

different mesa dimensions, the electron distribution along the x- direction in 

Figure 2A is normalized by dividing the corresponding dimension (45, 90, 

135, 180 μm). It can be clearly seen that most electrons are located at the 

edge of the p-electrode for all the LEDs with varied mesa sizes, implying the 

inhomogeneous distribution of carrier in the x- direction. This is called the 

current crowding effect, which is always a tough issue for lateral LED 

geometry. However, the electrons distribute more uniform along the x- 

direction for smaller LEDs, as presented in Figure 2A , which indicates 

alleviated current crowding. The improved performance in the narrowed 

LEDs can also be observed in the curves for current density ( J ) vs. voltage (

V ) as shown in Figure 2B , which is attributed to the uniform current 

spreading and consistent with the results in the current path model and 

previous reports ( Tian et al., 2012 ; Yang et al., 2014 ; Bourim and Han, 

2016 ). 

FIGURE 2  

(A)The simulated horizontal profiles of electron current density along the x- 

direction in the p-GaN layer as a function of normalized distance,

(B)calculated J - V curves, and(C)computed electron concentration in the EBL 

and the p-GaN region at the current density of 300 A/cm 2 for LEDs with 
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varied mesa dimensions of 45 × 200, 90 × 200, 135 × 200, and 180 × 

200 μm 2 , respectively. 

Moreover, owing to the improved current spreading, the electron overflow 

into the p-GaN layer is suppressed. The simulated electron concentration 

near the p-GaN layer is depicted in Figure 2C for the LED devices with varied 

dimensions under the current injection level of 300 A/cm 2 , which 

demonstrates that the electron concentration in EBL and the p-GaN region is 

reduced when the mesa dimension decreases from 180 to 45 μm. The 

reduction of the electron concentration in the p-doped region indicates the 

effective suppression of the electron leakage. These results suggest that 

with a narrowed mesa dimension in the x -direction, the current crowding 

phenomenon is alleviated and the electrons will spread more 

homogeneously. 

Based on the above analysis, the conclusion can be drawn that the mesa 

size-reduction of the InGaN/GaN LEDs in the lateral x- orientation leads to 

alleviated current crowding thus improved performance is obtained, while 

the reduction in the y- direction makes a minor contribution to the current 

spreading performance. However, the diminished dimension in the y- 

direction increases the ratio of perimeter-to-area. The increased ratio of 

perimeter-to-area in the smaller LEDs leads to improved heat dissipation and

reduced self-heating, hence the temperature in the LED device is decreased 

( Kim et al., 2012 ; Horng et al., 2015 ). Moreover, the light extraction 

through the sidewalls is improved with diminished LED size, which 

contributes to the improvement of the LED performance ( Stark et al., 2011 ).
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In order to confirm the above conclusion, InGaN/GaN LED chips with different

sizes are fabricated for investigation with the dimensions of 200 × 45, 200 ×

90, 200 × 135, and 200 × 180 μm 2 , respectively, which have the perimeter-

to-area ratio of 0. 54, 0. 32, 0. 25, and 0. 21, respectively. Here, the mesa 

dimension in the y -direction is narrowed from 180 to 45 μm, while the 

dimension in the x -direction is fixed at 200 μm. All LED chips are fabricated 

within a 2 mm × 2 mm region on the same epitaxial wafer to avoid the 

spatial inhomogeneity in the wafer with standard fabrication procedures in 

order to eliminate the influence by crystalline quality, epitaxial growth, and 

fabrication processes, which is the possible reason for the discrepancy in the 

conclusion of the size-reduction effect among the previous reports ( Tao et 

al., 2012 ; Olivier et al., 2017 ; Singh et al., 2017 ; Daami et al., 2018 ). The 

p-contact metal totally covers the top surface of the p-GaN layer to avoid the

influence of the electrode pattern, which is different from the previous works 

( Song, 2012 ; Singh et al., 2017 ). The experimentally measured optical 

output power as a function of current density for LEDs with different mesa 

dimensions are illustrated in Figure 3A , from which we can see that the 

optical output power increases consistently with the mesa size narrowed 

from 180 to 45 μm in the y -direction. The efficiency droop indicated in 

Figure 3B is also reduced for the narrowed LED devices, which is consistent 

with the observation in the previous report ( Tao et al., 2012 ). The variation 

in the ending point of data shown in Figures 3A, B is because the optical 

output power and current are measured under the same biased voltage for 

LEDs with varied sizes. The enhancement in the performance observed in the

smaller LED devices is attributed to the improved light extraction in the 
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sidewall and improved heat dissipation due to the higher perimeter-to-area 

ratio and reduced device temperature ( Choi et al., 2003a ; Choi et al., 2003b

). Figure 3C presents the electroluminescence (EL) spectra curves for the 

studied LEDs with different mesa dimensions, where the emission density is 

the strongest for the 45-μm LED. Meanwhile, the EL intensity for LEDs with 

larger mesa size is reduced as the increase of mesa dimension. The peak 

wavelength is about 450 nm and is not shifted when the size is reduced from

180 to 45 μm, as indicated in Figure 3C . However, it is worth noting that 

when the LED size is further reduced to the nanoscale, the blue shift in the 

EL curve can be anticipated due to reduced energy band tilting caused by 

the strain relaxation in the smaller LED device ( Demangeot et al., 2002 ; Wu

et al., 2008 ; Stark et al., 2011 ). 

FIGURE 3  

(A)Experimentally measured optical output power as a function of forward 

current density,(B)normalized EQE as a function of forward current density, 

and(C)electroluminescent spectral curves under the current density of 

100 A/cm 2 for LEDs with different dimensions of the mesa. 

Thereafter, we can conclude the effect of size-reduction ( E ) for InGaN/GaN 

LEDs as following: 

E = C ( x ) + P ( x , y ) + T ( x , y ) + S ( x , y ) − N ( x , y ) ( 4 ) 

where C ( x ) is the alleviated current crowding effect ( Ge et al., 2019 ), P ( x

, y ) is the improvement achieved by the increased perimeter-to-area ratio, 
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including improved thermal dissipation and light extraction ( Choi et al., 

2003a ; Choi et al., 2003b ), T ( x , y ) is the reduced self-heating and 

improved heat distribution ( Gong et al., 2010 ; Ploch et al., 2013 ), S ( x , y ) 

is the enhancement owing to the strain relaxation ( Demangeot et al., 2002 ;

Tao et al., 2012 ; Ge et al., 2019 ), and N ( x , y ) is the possible negative 

effect due to the increased nonradiative recombination ( Gong et al., 2010 ; 

Stark et al., 2011 ), surface recombination ( Jin et al., 2001 ), and current 

leakage induced by etching damage and impurities during fabrications ( Jin 

et al., 2000 ; Stark et al., 2011 ). A more detailed quantitative analysis of the

above factors is needed to determine the dominant ones and great 

precautions must be undertaken to avoid degradation in devices during the 

growth and fabrication processes for smaller LEDs. 

In order to further improve the light extraction in the smaller InGaN/GaN 

LEDs, we design a three-micro-walls LED architecture by incorporating three 

micro-LEDs into a device. The schematic diagram of the proposed LED 

structure is shown in Figure 4A , in which the micro-walls are defined with 

the wall dimensions of 200 × 45 μm 2 . In order to reduce the current 

leakage and increase the light extraction efficiency, the wall gap is filled up 

with SiO 2 by chemical vapor deposition (CVD), which has a refractive index 

of 1. 47. For the proposed LEDs with three-micro-walls geometry, the wall 

spacing is designed to be varied as 11, 22, and 33 μm, and the 

corresponding fabricated LED devices are presented in Figures 4C–E , 

respectively. The single-micro-wall LED device is also introduced and 

fabricated as the controlled group, as shown in Figure 4B . 
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FIGURE 4  

(A)Schematic diagram of the proposed LED architecture with three-micro-

walls, and the fabricated LED devices of(B)single-micro-wall as controlled 

group,(C)three-micro-walls with wall spacing of 11 μm,(D)three-micro-walls 

with wall spacing of 22 μm, and(E)three-micro-walls with wall spacing of 

33 μm. 

As the three-micro-walls LED device is three times the size of the single-wall 

LED, the optical power of the former is divided by three for comparison. The 

experimentally measured optical output power of the devices is shown in 

Figure 5A , in which all the proposed three-micro-walls LED devices perform 

better than the controlled group due to the improved light extraction through

sidewalls achieved by the filling up of SiO 2 in the gap. Meanwhile, the 

proposed architecture with the wall spacing of 33 μm has the best 

performance because more light escapes from the sidewall with a larger gap 

between the micro-walls. More importantly, there is less thermal heat 

generation for the LED device with wider wall spacing due to the reduced 

series resistance when current horizontally passes the n-GaN layer. Figures 

5B, C depict the current paths and the corresponding simplified current 

paths model for the LEDs with three-micro-walls geometry. As indicated in 

Figure 5C , the Joule heat ( J heat ) generated in the LED can be expressed as:

J heat = I 2 ( R 1 + R 0 ) = I 2 ( R 1 + p l S ) , ( 5 ) 
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where R 1 is the total resistance from top contact layer to active region in the

vertical direction, R 0 denotes the resistance of n-GaN layer, I is current, p 

denotes the resistivity of n-GaN layer, l is the lateral distance from n-

electrode to mesa edge, and S is the cross-sectional area of the n-GaN layer 

perpendicular to the direction of l . According to Eq. 5 , with the increasing 

spacing of the micro-walls, the resistance of R 0 increases due to the 

enlarged area S . Hence, the total heat generation in the LED device is 

reduced, which contributes to improved LED performance. It is worth noting 

that with a larger gap, the thermal heat dissipation is improved accordingly. 

Thus, the proposed LED architecture has superior performance due to 

improved light extraction, less thermal heat generation, and better heat 

dissipation. 

FIGURE 5  

(A)Experimentally measured optical output power for proposed three-micro-

walls LED devices and single-wall device,(B)illustration of the current path for

proposed LED device, and(C)corresponding simplified current path model. 

Conclusion 
The InGaN/GaN LEDs with different mesa dimensions are investigated both 

experimentally and numerically to explore the size-reduction effect on the 

LED performance. The individual role of the size-reduction in the lateral x- 

and y- directions is identified separately. The physical mechanism of 

performance enhancement by mesa size-reduction is revealed by using a 

model of current paths, which suggests that the current crowding effect is 
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alleviated when the lateral mesa size is narrowed in the x- direction. The 

calculated results indicate that the LED devices with narrowed dimensions in 

the x -direction have reduced electron leakage and a better current-voltage 

characteristic under the same current density, which is attributed to the 

effectively improved current spreading. Backed by the experiments, the 

decrease of the mesa size in the y- direction is found to improve the LED 

performance, which is owing to a higher ratio of perimeter-to-area, better 

thermal dissipation, and improved light extraction. Then the effect of size-

reduction on the LED performance is concluded. Finally, a new LED 

architecture with three-micro-walls is proposed and demonstrated. The 

proposed three-micro-walls LEDs are observed to have improved optical 

performance compared to the controlled group and with the increase of wall 

spacing, the improvement becomes conspicuous, which is owing to the 

increased light extraction and less Joule heat generation resulting from the 

reduced series resistance when current horizontally passes the n-GaN layer. 
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