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Here we proposed to fabricating ultra-small InGaN-based 

micro-light-emitting diodes (µLEDs). The selective p-GaN 

areas were passivated intentionally using H2 plasma 

treatment and served as the electrical isolation regions to 

prevent the current from injecting into the InGaN 

quantum wells below. Three kinds of green µLEDs, which 

are two squircle shapes with widths of 5 and 4 µm and one 

circular shape with a diameter of 2.7 µm, were successfully 

realized. The current-voltage characteristics indicate that 

the series resistance and the turn-on voltage increase as 

the dimension of the µLED decreases. That originates 

from the diffusion of the hydrogen atoms into the 

unexpected conductive p-GaN area. The light output 

power density and the calculated external quantum 

efficiency of the µLEDs from 5-µm-squircle to 2.7-µm-

circle were enhanced by 1020% when compared to 98 × 

98 µm2 µLEDs that were fabricated using mesa etching.           
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InGaN-based micro-light-emitting diodes (µLEDs) have been 

considered one of the next-generation display techniques for various 

applications, such as smartphones/watches, vehicle displays, and 

wearable glasses for augmented reality and virtual reality [1-4]. High 

resolution is always one of the key indexes for displays to present an 

excellent visual experience. For high-resolution displays, ultra-small 

(< 10 µm) µLEDs are required when the form factor of displays is 

maintained. 

Mesa etching is the most common method to fabricate nitride-

based LEDs [5,6]. This method has also been regarded as a pixelation 

technique for the realization of µLEDs [7,8]. Using this approach, 

ultra-small µLEDs could be demonstrated with dimensions of 10 µm 

or less [9-11]. However, the mesa etching process usually introduces 

surface damage at the sidewalls of InGaN QWs, which causes more 

non-radiative surface recombination and reduces the external 

quantum efficiency (EQE) of µLEDs [12,13]. This effect becomes 

significant, especially when the dimension of the µLEDs shrinks [14]. 

Some techniques, such as using chemical treatment and sidewall 

passivation, have been demonstrated to retain the same peak EQE 

when the size of µLEDs decreased down to 10 µm [15]. However, 

ultra-small µLEDs with a dimension below 10 µm continue to 

severely suffer from this effect severely [10]. 

Utilizing the bottom-up growth method is a valuable technique 

for eliminating this effect. A patterned SiO2 layer was used to control 

the µLED mesas and positions. A standard LED structure [16] or 

core-shell structures [17] were selectively grown on such a SiO2 

template, which could achieve efficient ultra-small µLEDs with a 

diameter less than 5 µm. However, this bottom-up growth technique 

inevitably increases the indium fluctuation in InGaN QWs, which 

affects the wafer-scale uniformity and broadens the emission spectra.  

Recently, Samsung Ltd. developed tailored ion implantation to 

fabricate highly efficient and pixelated InGaN µLEDs at the mid-

submicrometre scale [18]. Pixelation by this method could produce 

relatively uniform luminance and high pixel distinctiveness. 

However, due to the significant lateral spreading of implanted ions, 

micrometer-sized pixelation requires precise control of many 

parameters, such as the thickness of the implantation masks, ion 

species, and ion energy and dose. These requirements make the 

process complicated and may influence reproducibility. Therefore, 

an easy strategy is needed to achieve µLEDs at the micrometer-sized 

scale. 

This work fabricated InGaN-based green µLEDs with the 

dimensions ranging from 5 to 2.7 µm by selective passivation of p-

GaN using H2 plasma. Current density-voltage (JV) curves were 

used to examine the electrical characteristics of the green µLEDs. We 

proposed a modified model to estimate the diffusion length of the 

hydrogen atoms, which would strongly influence the performance of 

the µLEDs. Finally, we also measured the light output power (LOP) 

density and EQE at different current densities and compared the 98 

× 98 µm2 µLEDs that were fabricated by mesa etching [7]. 

Commercial InGaN-based green LED wafers were used in this 

work. The cross-sectional schematic of the µLED arrays, including 

the passivated p-GaN areas, are shown in Figure 1(a). Two indium 

tin oxide (ITO) layers were deposited in sequence. The first ITO layer 

was micro-pillar arrays with different dimensions and followed by a 

two-step annealing at 600oC to form an ohmic contact with p-GaN 

[19]. Also, these ITO micro-pillars served as the protective masks 

during the H2 plasma treatment at 300oC. The exposed p-GaN areas 

would be passivated by H2 plasma [20] and became the electrical 

isolation regions to prevent the current’s injection.  

After H2 plasma treatment, the second ITO thin film layer was 

deposited to connect all ITO micro-pillars. To avoid the activation of 

p-GaN at high temperatures [21,22], we annealed the second ITO 

layer at 450oC in an O2-containing atmosphere for 30 s and an O2-

poor atmosphere for 2 min.  

Next, a large mesa was patterned and then etched through the 

ITO layer and InGaN active region to expose the n-type layer. Finally, 

we deposited Cr/Au as n-type and p-type contact pads. The µLEDs 

with different dimensions were fabricated on the same wafer to 

guarantee the same conditions during the fabrication processes. We 

also fabricated 98 × 98 µm2 µLEDs by mesa etching for comparison. 
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The scanning electron microscope (SEM) images of ITO micro-

pillars are shown in Figures 1(bd). The scale bar in the figures is 5 

µm. The ITO micro-pillars in Figures 1(b) and 1(c) are squircle with 

widths of 5 and 4 µm, respectively. And the ITO micro-pillars in 

Figure 1(d) are circular with a diameter of 2.7 µm. These micro-

pillars determined the µLED dimensions, so we used 5-µm-squircle, 

4-µm-squircle, and 2.7-µm-circle to represent the µLEDs with 

different dimensions. The spacing between micro-pillars in Figures 

1(bd) is around 4 µm. The average area of the single 5-µm-squircle, 

4-µm-squircle, and 2.7-µm-circle µLED was 21.66, 12.53, and 5.58 

μm2, respectively. 

 

FIG. 1. (a) Cross-sectional schematics of the green µLEDs by 

passivation of p-GaN. (b-d) Scanning electron microscope images of 

ITO pattern masks. The scale bars are 5 µm. 

 

We measured the current-voltage (IV) characteristics at room 

temperature. The JV curves of the 5-µm-squircle, 4-µm-squircle, 

and 2.7-µm-circle µLEDs are shown in Figure 2(a). The 98 × 98 µm2 

µLED fabricated by mesa etching is a reference device. For the 5-

µm-squircle and 4-µm-squircle µLEDs, the turn-on voltages are 

almost the same as that of the 98 × 98 µm2 µLED. This indicates that 

the ITO/p-GaN contacts were not influenced by H2 plasma for the 

dimensions of 5 and 4 µm. However, compared to the 98 × 98 µm2 

µLED, the slopes of the forward JV curves are gradually increased 

for the 5-µm-squircle and 4-µm-squircle µLEDs. The increase in this 

slope implies that the series resistances in the 5-µm-squircle and 4-

µm-squircle µLEDs were increased after the H2 plasma treatment. 

In the case of 2.7-µm-circle µLEDs, both the turn-on voltage 

and the slope of the forward JV curve increased compared to those 

of the 98 × 98 µm2 µLED. These results illustrate that the ITO/p-GaN 

contacts and the series resistance were influenced by H2 plasma for 

the dimension of 2.7 µm.  

The electroluminescence (EL) images at around 0.12 A/cm2 for 

the 5-µm-squircle and 4-µm-squircle µLEDs exhibited uniform 

luminescence in a 20 × 20 array, as shown in Figures 2(b) and 2(c). 

Each µLED pixel in the array could be observed clearly, 

demonstrating that H2 plasma treatment is a feasible approach to 

passivating p-GaN and realizing ultra-small µLED pixels. However, 

the luminescence was not uniform when the dimension shrank down 

to 2.7-µm-diameter circles, as shown in Figure 2(d). This result was 

caused by the degradation of the electrical performance for 2.7-µm-

circle µLEDs, which was explained by the forward JV curves in 

Figure 2(a).  

Besides, the emission crosstalk in the µLED array happens 

when increasing the current density, which is due to the light 

reflection from sapphire substrates. The crosstalk can be inhibited in 

the case of vertical thin-film µLEDs, which has been demonstrated 

by the previous work [18]. 

Generally, hydrogen atoms can be introduced in the p-GaN layer 

by H2 plasma at high temperatures [22]. The hydrogen atoms will be 

captured by the Mg acceptors, causing a decrease in the 

concentration of the active Mg acceptors. So the p-GaN areas with 

the introduction of hydrogen atoms in our cases were passivated to 

be high-resistance regions, which prevent the current’s injection, as 

shown in Figures 2(bd). However, hydrogen atoms could also 

diffuse laterally to the protected p-GaN areas. Thus, these protected 

p-GaN areas would be partially passivated by the hydrogen atoms, 

leading to increased resistance. This explained the JV behavior seen 

in Figure 2(a). 

 

FIG. 2. (a) JV characteristics of the 5-µm-squircle, 4-µm-squircle, 

and 2.7-µm-circle µLEDs. The 98 × 98 µm2 µLED serves as a 

reference sample. EL emission images of the (b) 5-µm-squircle, (c) 

4-µm-squircle, and (d) 2.7-µm-circle µLEDs at around 0.12 A/cm2. 

 

Therefore, the diffusion length of the hydrogen atoms would 

strongly influence the passivation extent of the protected p-GaN. To 

estimate the diffusion length, we carried out the transmission line 

measurement (TLM) to characterize the resistances of p-GaN before 

and after the H2 plasma treatment. The TLM method’s contact pads 

(Ni/Au) were designed as 200 × 200 µm2 squares with a spacing of 

4, 9, 14, 19, 24, and 29 µm between two adjacent pads. 

Figures 3(a) and 3(b) show the IV curves of the adjacent 

contact pads on p-GaN before and after the H2 plasma treatment, 

respectively. The linear relationship for the IV curves demonstrates 

that the Ni/Au contacts on p-GaN are ohmic contacts. We calculated 

the resistances from these curves and plotted with respect to the 

contact pad spacing (d), as shown in Figures 3(c) and 3(d). 
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FIG. 3. (a) IV characteristics between two ohmic contacts on p-GaN 

(a) before and (b) after H2 plasma treatment. The measured 

resistances by TLM method (c) before and (d) after H2 plasma 

treatment. 

 

 

FIG. 4. (a) Original and (b) modified models for the TLM method. 

 

Table 1. Linear-fitting results from Figure 3(c-d). 

Fitting parameter Slope (kΩ/µm) Intercept (kΩ) 

Before H2 plasma 0.78 2.32 

After H2 plasma 8.87 16.24 

 

Based on the original model of the TLM method (Figure 4(a)) 

[23], the measured resistance R(d) before H2 plasma treatment can be 

expressed as 

                      𝑅(𝑑) = 2𝑅𝑐0 +
𝑅𝑠ℎ0

𝑊
𝑑                                 (1) 

where Rco is the contact resistance, Rsh0 is the sheet resistance of the 

p-GaN at the spacing region before H2 plasma treatment, and W is 

the width of the contact pad. 

The contact pad width (W) was large enough compared to the 

diffusion length (L), so the contact resistance Rco would remain 

constant after H2 plasma treatment. Two additional resistances due to 

the hydrogen diffusion should be considered in the current path, as 

shown in Figure 4(b). Therefore, Equation (1) should be modified as   

 𝑅(𝑑) = 2𝑅𝑐0 +
2∫ 𝑅𝑠ℎ(𝑥)𝑑𝑥

𝐿

0

𝑊
+

𝑅𝑠ℎ1

𝑊
𝑑                        (2) 

where Rsh1 is the sheet resistance of the p-GaN at the spacing region 

after H2 plasma treatment, Rsh(x) is the sheet resistance of the p-GaN 

at the hydrogen diffusion region, and x is the distance from the edge 

(x=0) of the contact pad. 

Based on Eqs. (1) and (2), we fitted the data in Figures 3(c) and 

3(d) linearly and extracted the values of the slope and intercept in 

Table 1. The slope after H2 plasma treatment was increased by more 

than 10-fold, illustrating that the sheet resistance of p-GaN could be 

increased by more than 10-fold using H2 plasma treatment. These 

results demonstrate that H2 plasma works well for the p-GaN 

passivation. 

The concentration of the diffused hydrogen atoms generally 

satisfies the complementary error function [24]. Thus, we supposed 

that the sheet resistance of p-GaN at the hydrogen diffusion regions 

was described as 

𝑅𝑠ℎ(𝑥) = 𝑅𝑠ℎ1erfc(𝛼𝑥)                        (3) 

where erfc is the complementary error function, and α is a coefficient. 

The current paths marked by the black arrows in Figure 4(b) 

were not allowed in the modified model, so the sheet resistance 

Rsh(x) should be larger than the original value Rsho. We supposed 

that the boundary conditions of the sheet resistance Rsh(x) for the 

hydrogen diffusion region were: 

𝑅𝑠ℎ(0) = 𝑅𝑠ℎ1                   𝑅𝑠ℎ(𝐿) = 𝑅𝑠ℎ0         (5) 

Using Equations (14) and the fitting results in Table 1, we 

finally obtained the diffusion length of the hydrogen atoms as 1.76 

µm. This diffusion length explained that some of the p-GaN areas in 

the 5-µm-squircle and 4-µm-squircle µLEDs would not be 

influenced by the diffused hydrogen atoms, leading to good ohmic 

contacts and the same turn-on voltage as that of the 98 × 98 µm2 

µLED in Figure 2(a). However, all the p-GaN areas for the circular 

µLEDs with a diameter of 2.7 µm would be affected by the diffused 

hydrogen atoms. Therefore, the IV characteristics of 2.7-µm-circle 

µLEDs had a larger turn-on voltage and series resistance compared 

to the 5-µm-squircle and 4-µm-squircle µLEDs, as discussed above.  

Moreover, it was difficult to guarantee the identical diffusion of 

the hydrogen atoms for all µLED pixels. Therefore, the contacts of 

the 2.7-µm-circle µLED pixels became fluctuated, leading to the 

non-uniformity of the luminescence for the µLED pixels in Figure 

2(d). Because this non-uniformity is mainly due to the severe 

hydrogen diffusion, the conditions of the hydrogen plasma treatment, 

such as temperature and time, should be optimized in the future to 

precisely control the diffusion length of hydrogen atoms.  

Finally, we measured the LOP of the µLEDs in the integrating 

sphere at different current densities. The LOP densities of the µLEDs 

with different dimensions were then calculated and are shown in 

Figure 5(a). Clearly, the 5-µm-squircle, 4-µm-squircle, and 2.7-µm-

circle µLEDs exhibited higher LOP densities compared to the 98 × 

98 µm2 µLED. This implies that the ultra-small µLEDs by 

passivation of p-GaN have a higher brightness level compared to the 

µLEDs by mesa etching, even though the dimension shrinks below 

10 µm. 

We also calculated the EQEs of the µLEDs at different current 

densities, as shown in Figure 5(b). The EQEs of the µLEDs decrease 

by < 5% as the dimension shrinks from 5 to 2.7 µm. We attributed 

this decrease in EQE to the degradation of the electrical performance 

[Figure 2(a)]. The partially passivation of p-GaN in 4-µm-squircle 

and 2.7-µm-circle µLEDs would reduce the hole injection and thus 

result in the decreased injection efficiency in these µLEDs.  

Furthermore, the peak EQEs of 5-µm-squircle, 4-µm-squircle, 

and 2.7-µm-circle µLEDs are increased by 1020% when compared 

to that of the 98 × 98 µm2 µLEDs. Moreover, the peak EQE (9.6%) 

of the 5-µm-squircle µLEDs is higher than those of other ultra-small 

µLEDs (≤ 5 µm) that were fabricated by selective growth or mesa 

etching [10,16]. These results demonstrate that the selective p-GaN 

passivation method has the merits of fabricating efficient ultra-small 

µLEDs. In addition, the 5-µm-squircle µLEDs exhibited stable light 

output behavior for more than 100 h of operation, indicating the 

robustness of this method. 
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FIG. 5. (a) LOP density and (b) EQE of the 5-µm-squircle, 4-µm-

squircle, and 2.7-µm-circle µLEDs at different current densities. The 

98 × 98 µm2 µLED serves as a reference sample. 

 

In summary, we demonstrated ultra-small µLEDs by selective 

passivation of p-GaN using H2 plasma treatment. The 5-µm-squircle 

and 4-µm-squircle µLED pixels in a 20 × 20 array exhibited good 

luminescence uniformity and the same turn-on voltage as the 98 × 98 

µm2 µLED fabricated by mesa etching. However, the electrical 

performance of the µLEDs degraded as the dimension of the µLEDs 

shrank to 2.7 µm. We proposed a modified TLM model to obtain the 

diffusion length of the hydrogen atoms as 1.76 µm, which could very 

well explain the phenomenon. Finally, the LOP density and EQE of 

these ultra-small µLEDs were enhanced by 1020% when compared 

to the 98 × 98 µm2 µLEDs fabricated by mesa etching. These results 

indicate that the selective p-GaN passivation method is a promising 

solution for ultra-small µLEDs in the ultrahigh-definition displays. 
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