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Abstract 
By redirecting the reflected wave and implementing meta-atoms 

in the device structure, the light extraction efficiency of 

continuous multiple-quantum-well red AlGaInP microLED is 

improved by ~30% while suppressing the crosstalk between 

adjacent pixels. By implementing carbon black matrix, the 

crosstalk is reduced by 5 times while maintaining a high 

efficiency. These high-efficiency red microLEDs help reduce the 

power consumption and improve image quality of emerging full-

color AR eyeglasses. 
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1. Introduction
MicroLED is emerging as a strong contender for augmented

reality (AR) light engines due to its high peak luminance, long

lifetime, and excellent image quality [1]. However, the efficiency

of microLEDs decreases dramatically as the pixel size shrinks,

primarily because of the sidewall defects during dry etching [2].

This performance degradation results in a compromised external

quantum efficiency (EQE), especially for red AlGaInP micro-

LEDs, which in turn leads to an increased power consumption in

full-color AR eyeglasses. Although applying surface passivation

and wet etching can alleviate this issue, these methods often

reduce the emission area and cause nonuniformity. At 2024 SID

Display Week, JBD introduced a continuous multiple quantum

well (CMQW) red AlGaInP microLED [3]. Unlike the pixelated

chips, the active region of the CMQW microLED extends across

the entire panel, avoiding etch damage to the active layers. Such

a new structure boosts efficiency by 3.5×.

Despite these advancements, CMQW microLEDs still face 

significant challenges. First, the low light extraction efficiency 

(LEE) in red AlGaInP LEDs remains to be overcome. The large 

refractive index mismatch between AlGaInP and the dielectric 

passivation layer or indium tin oxide (ITO) causes the emitted 

light to be trapped within the structure, eventually being absorbed 

by metal contacts or the absorptive AlGaInP material. Second, 

due to the limited etching accuracy, a minimum of 300nm thick 

AlGaInP, including the active region, must remain connected 

between adjacent pixels. This connection leads to electrical and 

optical crosstalk: current diffusion can induce an unwanted 

excitation in neighboring pixels, and the CMQW structure can act 

as a waveguide, causing light leakage into adjacent pixels. 

In this paper, we simulate and evaluate both the electrical and 

optical performance of CMQW red microLEDs. Our results agree 

well with the measured data reported by JBD, validating our 

simulation approach. We analyze the loss mechanisms within the 

CMQW structure and propose practical solutions compatible with 

current fabrication capabilities. By redirecting reflected waves 

and implementing meta-atoms, we optimize the structure, 

increasing the effective LEE from 6.4% to 8.28%. Crosstalk 

between adjacent pixels is also reduced from 19.5% to 15%. By 

implementing carbon black matrix (BM), the crosstalk 

dramatically reduces from 19.5% to 3.8%, corresponding to a 5× 

improvement, while the effective LEE still remains at 6.87%, 

which is even higher than the unoptimized device. This 

significant reduction in crosstalk enhances overall image quality 

and minimizes image blur. Further enhancements, such as better 

control of current diffusion and advanced optimization of meta-

atoms, are promising avenues for achieving an even higher LEE 

and lower crosstalk. 

2. Electrical performance of CMQW

structure
Silvaco TCAD (Silvaco Inc., Santa Clara) is employed to perform 

2D CMQW microLED simulation. As shown in Fig. 1(a), three 

adjacent pixels are simulated to calculate the electrical 

performance and crosstalk of the structure. As reported by JBD, 

the total thickness of CMQW microLED is below 1μm. To 

achieve such a thin film, the AlGaInP microLED needs to be 

polished. In our simulation, the P-type AlGaInP layer is Mg-

doped and N-type AlGaInP layer is Si-doped. Both doping is 1019 

cm−3. In the active region, the bandgap of AlGaInP is dependent 

on the Al, Ga, and In compositions.  

Figure 1. (a) CMQW electrical model in Silvaco TCAD. (b) 
Simulated normalized emission spectra. (c)  Simulated 
normalized radiative reconbination rate. 
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To obtain a 620nm peak wavelength, we apply Al0.15Ga0.3In0.55P 

in the MQW and the full-width-at-half-maximum is only 18nm as 

shown in Fig. 1(b). To increase the quantum confinement, we 

applied  (Al0.5Ga0.5)0.52In0.48P as quantum barrier whose energy 

gap is approximately 2.2 eV. Figure 1(c) indicates the normalized 

radiative recombination rate in the active region when the current 

density is 30A/cm2 and the applied voltage is 2.02V. Although 

the electrical crosstalk to adjacent pixels is only 7%, the 

excitation of dipoles close to adjacent pixels still induces some 

optical crosstalk.  

 

3. Optical performance of CMQW structure 
Red CMQW AlGaInP microLED model is built in the finite-

difference time-domain (FDTD, Ansys) software as shown in Fig. 

2(a). A total of three pixels are simulated to calculate the optical 

crosstalk and the total simulation region width (W) is 9μm. The 

boundary condition is steep angle perfect matched layer. On top 

of each pixel, photonic crystal with 140nm diameter and 200nm 

periodicity is laminated on top surface of the ITO electrode. The 

top Au electrode is thinned to 9nm to ensure a high transparency 

[4].  Si3N4 dielectric passivation layer is applied on both side of 

the CMQW microLED to avoid conductivity. Between adjacent 

pixels, trapezoidal bottom metallic and inverted trapezoidal top 

dielectric pixel definition pillars are applied to reduce optical 

crosstalk. The dispersion of all the materials is considered [5]. 

The whole structure is immersed in polyimide whose refractive 

index is 1.5 and boundary condition is steep-angle perfect 

matched layer. A power monitor is placed on top of the structure 

to calculate the emission power and optical crosstalk. Small box 

monitors are placed surrounding each dipole source to receive the 

dipole power.  

 
Figure 2. Schematic of FDTD CMQW microLED simulation 
model. 

To precisely calculate the optical response, we applied dipole 

cloud in the simulation model at x-y plane. In vertical y-direction, 

a total of 5 dipoles are simulated for 5 pairs of QW. In horizontal 

x-direction, a total of 25 dipoles are included and each dipole are 

spaced 50nm. For zincblende crystal structure, the dipoles 

oscillate equally along all the directions. Therefore, dipoles 

oscillate along all the x-, y-, z- direction need to be considered. 

To avoid confusion with dipole position (x, y), we denote the 

dipole oscillation directions to be (X, Y, Z). 

The LEE of each dipole can be calculated as the power ratio 

between the power monitor to the dipole box monitor [6]: 

𝐿𝐸𝐸𝑑(𝑋, 𝑌, 𝑍, 𝑥, 𝑦) =
∫ ∫ 𝑃𝐸(𝑋,𝑌,𝑍,𝑥,𝑦,𝑊,𝜆)𝑆(𝜆)𝑑𝑊𝑑𝜆

4.5𝜇𝑚

−4.5𝜇𝑚

∫ 𝑃𝐷(𝑋,𝑌,𝑍,𝑥,𝑦,𝜆)𝑆(𝜆)𝑑𝜆
,        (1) 

where PE and PD is the power received by power monitor and 

dipole monitor, respectively. S(λ) is the emission spectrum. 

However, due to optical crosstalk, light emit from adjacent pixels 

is considered as stray light. Therefore, we define LEEd′ to be the 

effective LEE where the light emits from the original pixel.  

𝐿𝐸𝐸𝑑′(𝑋, 𝑌, 𝑍, 𝑥, 𝑦) =
∫ ∫ 𝑃𝐸(𝑋,𝑌,𝑍,𝑥,𝑦,𝜆)𝑆(𝜆)𝑑𝑊𝑑𝜆

1.2𝜇𝑚

−1.2𝜇𝑚

∫ 𝑃𝐷(𝑋,𝑌,𝑍,𝑥,𝑦,𝜆)𝑆(𝜆)𝑑𝜆
,        (2) 

The position dependence can be eliminated by considering 

electrical weightage. 

𝐿𝐸𝐸′(𝑋, 𝑌, 𝑍) =
∑ ∫ 𝐿𝐸𝐸𝑑′(𝑋,𝑌,𝑍,𝑥,𝑦)𝐸(𝑥,𝑦)𝑑𝑥

4.5𝜇𝑚

−4.5𝜇𝑚
5
𝑦=1

∑ ∫ 𝐸(𝑥,𝑦)𝑑𝑥
4.5𝜇𝑚

−4.5𝜇𝑚
5
𝑦=1

,        (3) 

where E(x, y) is position dependent electrical excitation. The final 

LEE result is the average of dipoles oscillating in all directions. 

The LEE′ results for (X, Y, Z) dipoles are 9.07%, 0.64%, and 

9.45%, respectively. The LEE ′  for Y-oscillating dipole is 

significantly lower than the other two dipoles because the emit 

power is the strongest along the x-direction. The overall LEE′ is 

6.4%. 

To calculate crosstalk of the CMQW structure, the electrical and 

optical weight of all the dipoles need to be considered. The 

crosstalk can be calculated as: 

𝐶𝑇(𝑋, 𝑌, 𝑍) =
∫ 𝑃𝐸(𝑋,𝑌,𝑍,𝑥,𝑦,𝑊)𝐿𝐸𝐸𝑑′(𝑋,𝑌,𝑍,𝑥,𝑦)𝐸(𝑥,𝑦)𝑑𝑊

1.2𝜇𝑚

−1.2𝜇𝑚

∫ 𝑃𝐸(𝑋,𝑌,𝑍,𝑥,𝑦,𝑊)𝐿𝐸𝐸𝑑′(𝑋,𝑌,𝑍,𝑥,𝑦)𝐸(𝑥,𝑦)𝑑𝑊
4.5𝜇𝑚

−4.5𝜇𝑚

 ,  (4) 

  

Figure 3 shows that the total crosstalk in CMQW microLED is 

19.5%, which agrees well with the measured data from [3]. The 

crosstalk for (X, Y, Z) dipoles is 23%, 53%, and 17%, 

respectively. The crosstalk of y- oscillating dipoles are noticeably 

higher than the other two. However, due to the low LEE for Y-

oscillating dipoles, it does not have a significant impact on the 

total result. 

 

Figure 3. Comparison between simulated crosstalk and the 
measured data from Ref. [3]. 

4. Optimization 
Due to the CMQW structure, the μLED behaves like a waveguide. 

At the same time, due to the existence of pixel definition layer, 

the μLED also behaves like a quasi-cavity. There are three ways 

to improve the EQE in such structure as indicated in Fig. 4(a). 

The first method is to modify the position of the CMQW to 

improve the constructive interference in the waveguide to 

increase the air mode and reduce the waveguide mode. However, 

the geometrical freedom in thin film CMQW structure is limited 

because the pixel definition pillar needs to be placed far from the 
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active layer, especially when the CMQW thickness is 100nm. By 

sweeping the p-AlGaInP thickness from 350nm to 500nm with a 

10-nm step, the LEE of 5 pairs MQW only slightly fluctuates 

between 6.2% and 6.5%. The second method is to redirect the 

waveguide mode by optimizing the pixel definition layer as 

shown in Fig. 4(b). For bottom Si3N4 coated metallic layer, the 

height of the layer (HB) is fixed at 200nm, while the tilt angle is 

modulated by the length (LB). Similarly, for top dielectric pixel 

definition layer, the tilt angle is controlled by LT.  

 

Figure 4. (a) Optical modes in CMQW structure. (b) 
Redirect guided wave by modifying pixel definition layer. (c) 
Meta-atoms on AlGaInP top surface improves light 
extraction for both air mode and redirected waveguide 
mode. Red arrow: emission from dipole sources. Blue 
arrow: redirected guided light. 

Figure 5 indicates the optimization by sweeping LT and LB both 

from 0μm to 0.4μm. Limited by computer memory, we only 

considered dipoles placed in center of each pixel. On vertical 

direction, 5 dipoles are considered to average interference. Black 

dot indicates that LEE ′=6.18% before optimization when LT 

=0.1μm and LB=0.14μm. By increasing LT = 0.25 and LB=0.4, 

LEE՜ increases to 6.89%, corresponding to an 11% improvement. 

 

Figure 5. Colormap of LEE՛ as a function of LT and LB. 

The improvement by modulating the pixel definition layer is 

limited because most of light is still trapped in the structure due 

to the large refractive index differences between AlGaInP and 

Si3N4. To improve the light extraction, we consider the third 

method which incorporates meta-atoms at the interfaces between 

AlGaInP and Si3N4 as shown in Fig. 4(c). Due to the existence of 

the thin metallic electrode, the center of the pixel Among different 

meta-atoms, Moth-eye-like anti-reflection film is capable to 

increase light transmittance without inducing electrical 

conductivity issues. In our optimization, we fix the periodicity of 

the moth-eye structure to be 150nm and the diameter (DM) to be 

150nm. Figure 6 depicts the sweeping results by increasing the 

moth-eye structure depth HM from 0 to 75nm. The LEE՜ further 

increases from 6.89% to 8.17%, corresponding to another 18.6% 

improvement. By combining both methods, the LEE՛ of the 5-

layer center dipoles increases from 6.18% to 8.17%, 

corresponding to a total improvement of 32.2%. 

 

Figure 6. Simulated LEE՛ as a function of moth-eye 
structure depth (HM) 
 

Based on the optimized geometrical values, dipole cloud is 

simulated for the optimized CMQW microLED. The LEE՜ of the 

dipole cloud increases from 6.4% to 8.28%, which is improved 

by ~30%. We notice that the improvement for dipole cloud is 

slightly lower than the center dipoles because the redirection of 

pixel definition layer is optimized for center dipoles instead of 

edge dipoles. However, the total crosstalk only slightly improves 

from 19.5% to 15% with a narrower line shape. 

 

Figure 7. Schematic of red CMQW μLED with BM on top of 
the pixel definition layer. 

As shown in Fig. 7, the optical crosstalk can be suppressed by 

implementing black matrix on the pixel definition layer. Such 

Carbon BM structure can be fabricated by both inkjet printing and 

photolithography. We have considered the dispersion of Carbon 

black and its refractive index is 1.8+0.7i at wavelength of 620nm. 

After applying BM, the total crosstalk dramatically decreases 

from 15% to 3.8%. Compared to unoptimized case (19.5%), the 

total crosstalk is suppressed by ×5. Due to the existence of black 
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matrix, the LEE decreases to 6.87%, which is still better than 

unoptimized case which is 6.4%. For a higher absorptive material 

such as Ta-doped black matrix, the total crosstalk can be further 

reduced to 2.8%, while the cost increases. 

 

Figure 8. Comparison of simulated crosstalk between 
unoptimized and optimized CMQW microLED w/o and w/ 
BM.  

5. Image quality 
Figure 9 demonstrates the improvement in image quality achieved 

by incorporating the carbon BM. As shown in Figure 9(a), a high 

crosstalk level of 19.5% introduces noticeable image blur, 

particularly in regions containing sufficient details. By reducing 

the crosstalk to 3.8%, the image quality is significantly enhanced 

(Fig. 9(b)). This improvement is reflected in the multi-scale 

structural similarity index (MS-SSIM), which increases from 

0.978 to 0.987 after optimization, indicating a closer match to the 

original image. 

 

Figure 9. Simulated image of CMQW red μLED (a) before 
and (b) after optimization. 

6. Conclusion 
We have successfully optimized continuous multiple-quantum- 

well (CMQW) red AlGaInP microLEDs by modifying the pixel 

definition layer and implementing moth-eye meta-atoms. These 

optimizations have increased the light extraction efficiency (LEE) 

from 6.4% to 8.28%, representing an improvement of ~30%. 

Additionally, the overall crosstalk between adjacent pixels has 

been reduced from 19.5% to 15%. By implementing BM, the 

crosstalk dramatically decreases to 3.8%, while it still maintains 

a high LEE of 6.87%. This significant reduction in crosstalk 

enhances overall image quality and minimizes image blur.  

Further enhancements can be achieved by controlling current 

diffusion and further optimizing the meta-atom structures. The 

development of these high-efficiency low-crosstalk red AlGaInP 

microLEDs can significantly reduce the power consumption and 

improve image quality of augmented reality (AR) eyeglasses, 

advancing their potential to be integrated with daily life. 
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