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Abstract

This study fabricated 10 um chip size pLEDs of blue-light GaN based epilayers structure with different mesa processes
using dry etching and ion implantation technology. Two ion sources, As and Ar, were applied to implant into the LED
structure to achieve material isolation and avoid defects on the mesa sidewall caused by the plasma process. Excellent
turn-on behavior was obtained in both ion-implanted samples, which also exhibited lower leakage current compared
to the sample fabricated by the dry etching process. Additionally, lower dynamic resistance (Ry) and series resistance
(R,) were obtained with Ar implantation, leading to a better wall-plug efficiency of 10.66% in this sample. Consequently,
outstanding external quantum efficiency (EQE) values were also present in both implant samples, particularly in the
sample implanted with Ar ions. This study proves that reducing defects on the mesa sidewall can further enhance device
properties by suppressing non-radiative recombination behavior in small chip size devices. Overall, if implantation is
used to replace the traditional dry etching process for mesa fabrication, the ideality factor can decrease from 11.89 to
2.2, and EQE can improve from 8.67 to 11.03%.

Keywords Micro-LED - Dry etching - lon implantation - Wall-plug efficiency

1 Introduction

In recent years, the field of optoelectronics has witnessed a remarkable surge in interest and innovation, driven by the
quest for more efficient, compact, and versatile lighting and display technologies. Among these, micro light emitting
diodes (ULEDs) have emerged as a promising solution, offering unprecedented levels of miniaturization, energy efficiency,
and performance. ULEDs have garnered significant interest due to their numerous advantages, including high luminous
intensity, resolution, contrast, response speed, lifespan, and energy efficiency [1-4]. Recognized for these exceptional
performance characteristics, ULEDs are considered at the forefront of next-generation display technology. They find
applications across various domains, from wearable devices like wristbands and watches to large-scale commercial
billboards, public displays, and immersive technologies such as virtual reality (VR) or augmented reality (AR) devices
[5-7]. However, as device dimensions shrink to the microscale, the influence of sidewall effects and non-radiative recom-
bination becomes increasingly pronounced [8, 9]. Sidewall effects refer to the interaction between carriers and sidewall
surfaces in ULEDs, leading to non-uniform carrier distribution, enhanced surface recombination, and reduced device
efficiency. Non-radiative recombination processes involve the generation of electron-hole pairs that do not contribute
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to light emission, leading to wasted energy and decreased quantum efficiency [10]. Understanding and mitigating these
phenomena are critical for optimizing the performance and reliability of uLED devices. In uLEDs, the high surface-to-
volume ratio exacerbates sidewall effects, causing deviations from ideal device behavior [11, 12]. As carriers approach
the sidewall surfaces, they experience surface recombination and scattering, leading to non-uniform carrier distribution
and reduced injection efficiency. Moreover, sidewall roughness and defects can trap carriers, increasing the likelihood
of non-radiative recombination and reducing light output [7, 8, 13]. Experimental studies have revealed the detrimental
impact of sidewall effects on device performance, highlighting the need for strategies to minimize sidewall-related losses.
Suppressing sidewall damage is a critical challenge in uLEDs fabrication, as defects introduced during the etching pro-
cess can lead to leakage currents, reduced efficiency, and poor device reliability. Various methods have been developed
to address this issue, such as plasma treatments using gases such as oxygen, hydrogen, and nitrogen form protective
passivation layers, wet chemical treatments like KOH etching or sulfur passivation remove damage layers and improve
surface quality [14, 15]. Atomic layer deposition (ALD) further contributes by depositing conformal passivation layers,
such as Al,Os, which protect against leakage currents and enhance optical performance [8]. Novel etching technique,
such as neutral beam etching, minimized defect generation during fabrication [16]. Furthermore, ion implantation, par-
ticularly with the careful selection of ion implantation elements, researchers can effectively suppress sidewall damage
and improve the performance and reliability of microLED devices.

lon implantation is a crucial process used in semiconductor manufacturing to introduce impurities into a substrate,
altering its electrical properties. In microLED fabrication, ion implantation is a critical process for passivating defects and
mitigating sidewall damage, improving device efficiency and reliability [17-25]. Various elements have been employed,
each offering unique advantages. Fluorine is widely used for its ability to effectively passivate dangling bonds, reducing
non-radiative recombination and leakage currents [22]. Nitrogen is particularly effective in GaN-based microLEDs, where
it chemically bonds with the material to stabilize the surface and suppress recombination. Hydrogen is highly effective
in forming stable complexes with defects, significantly reducing non-radiative recombination, although its thermal sta-
bility requires careful management [19]. The heavy ions, such as Ar, Kr, Xe, and As of different implantation energies and
dosages have be demonstrated to play the isolation function and confine non-radiative regions to produce relatively
invariant luminance in uLEDs display [19]. By carefully selecting these elements based on specific fabrication needs, ion
implantation can significantly enhance the performance and reliability of microLED devices. A study to optimize implant
energy for the mesa process in uLED fabrication, specifically targeting a 50 um chip size has been studied using heavy ion
5As in our group [26]. The heavy ion "°As was employed to disrupt the crystal structure in the LED epilayer, facilitating
isolation. Through electrical measurements, we determined that 40 keV is the optimal implant energy for achieving a
mesa depth of 700 nm. Furthermore, our investigation revealed that a gradual energy implantation process resultsin a
lower forward voltage at 1 mA, and multi-energies implantation leads to higher light emission intensity. Consequently,
we introduced another ion source, *°Ar, for comparison with °As ions. Additionally, uLED is also fabricated using the
traditional ICPRIE process, serving as control samples for comparision. The chip sizes were reduced to 10 um in this study,
enabling clearer observation of the non-radiative effect.

2 Experimental

The commercial InGaN/GaN blue light LED epilayer structure was grown on a 4-inch sapphire substrate, comprising
a 100 nm-thick layer of indium-tin oxide (ITO) deposited by E-gun evaporation system at 270 °C, a 400 nm-thick layer
of p-GaN, 300 nm-thick multiple quantum wells (MQWs), and a 4 um-thick layer of n-GaN. To establish Ohmic contact
between ITO and p-GaN, an annealing process was conducted at 500 °C in air ambient after depositing ITO layer.
Two process flows were carried out in this study, including ion implantation and dry etching by inductive coupled
plasma reactive ion etching (ICPRIE) to perform the mesa process. For the implantation process, the process flow
was schematically illustrated in Fig. 1a—e. Initially, the ITO layer with photoreisit mask was etched using an HCl-FeCl,
solution to define the emission area in the uLED array, as depicted in Fig. 1a. Subsequently, ion implantation was
employed to isolate each pixel using the photoreisit mask, depicted in Fig. 1b. To expose the n-GaN, the n-side region
with photoreisit mask was etched using ICPRIE, illustrated in Fig. 1¢, followed by redeposition of ITO to connect the
p-side pixels, as shown in Fig. 1d. Finally, the n and p metals (Ti/Al 40 nm/400 nm) were simultaneously deposited
on the contact pad areas to be n and p electrodes, as depicted in Fig. 1e. For the fabrication of traditional LEDs using
ICPRIE, the process flow was presented in Fig. 1f, i. Similar to the implantation process, defining emission patterns
using the photoresist was achieved by etching ITO and performing the mesa process using ICPRIE dry etching, as
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shown in Fig. 1f. Subsequently, to connect the p-side pixels, a passivation layer was deposited by plasma-enhanced
chemical vapor deposition (PECVD) before depositing the common ITO electrode, as illustrated in Fig. 1g. The 500-
nm thick SiO, layer was etched using ICPRIE dry etching. Note that, although the chip size was 10 um and design for
top emission, the passivation was used to cover the sidewalls and partial top area, which prevented from leakage
for the ICPRIE samples. The edge region was about 1 um. Next, the common ITO layer was deposited on each pixel,
as shown in Fig. 1h, followed by deposition of both p and n metals using E-beam evaporation system, as depicted in
Fig. 1i. Figure 1j, k present the top-view images of the final uLED arrays fabricated using ion implantation and ICPRIE
processes, respectively, observed by scanning electron microscope (SEM). The uLED array featured a 10x 10 pm?
chip size with 15 um pitch and a 3 x 3 array pattern.

In this study, stopping and range of ions in matter (SRIM) software was utilized to simulate the ion distribution of
depth after the implantation process. The target substrate selected was GaN with a material density of 6.15 g/cm>. The
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Fig.2 lon distributions of ">As, and “CAr with a 40 keV and b 40-10 keV implantation energy by SRIM simulation

implant energy was optimized in our previous study, where the mesa process in ULED fabrication using 40 keV was found
suitable for isolating each pixel using the heavy ion 7>As. Considering the two ion species, °As and *°Ar, with different
masses, the ion distribution was adjusted by dosage using SRIM software. lon implantation parameters are listed in
Table 1. Since the mass of “°Ar is less than that of 7>As, the total dosage was fixed at twice the amount for “°Ar compared
to 7°As. Therefore, total dosages were set at 4x 10 and 8 x 10" for °As and *°Ar ions, respectively. To compare with the
implantation process, a ULED array was also fabricated by ICPRIE as the control sample, referred to as uLED (ICP) in this
study. Electrical characteristics of the uLEDs were measured using an Agilent 4155B semiconductor parameter analyzer.
Subsequently, a charge-coupled device (CCD) was employed to observe the corresponding emission pattern, and light
intensity profiles were analyzed using ImageJ software for both implant and ICPRIE processes. The optoelectrical proper-
ties were measured using a multi-function power meter KEITHLEY 2400 with integrating sphere systems.

3 Results and discussion

In our previous study, we found that implanting energy at 40 keV using ">As ions can effectively reach the depth required
for the mesa process. Figure 2a illustrates the ion distribution of two ions >As and *°Ar with a 40 keV implant energy, as
simulated using SRIM. It's well-known that higher atomic mass can induce more damage to the material but tends to halt
at shallower depths. Due to the differing atomic masses of "°As and “°Ar, the peak of ion distribution occurs at 25 nm for
40Ar and at 17 nm for 7°As at the same implant energy. Based the result, we adjusted the implant dosage to compare the
effects of these two ion sources, as simulating the exact damage situation with SRIM can be challenging. Since ">As has
nearly twice the atomic mass of “°Ar, we set the total dosage at 4x 10" and 8 x 10'* for ">As and *°Ar, respectively. These
values were chosen to ensure a fair comparison between the two ion sources. Additionally, Table 1 listed the implanta-
tion energies utilized in our study. We employed a gradient method, implanting from high to low energy, to extend the
implant distance into deeper regions, leveraging the channel tunneling effect. To avoid the generation of leakage carriers
from the shallow area, the implant energies were adjusted using SRIM to achieve a square-shaped ion concentration
profile. The parameters of implantation were thoroughly simulated using SRIM, as depicted in Fig. 2b.

A sample fabricated using ICPRIE for the mesa process was also prepared to compare with the implant samples. The
forward current as function of voltage (I-V) ranging from 2.0 to 4.0 V was presented in Fig. 3a. The highest slope of the |-V
curve, observed between 3.0 to 3.5V, was obtained in the uLED (Ar) sample. Specifically, the currents measured at 3V were
0.97 mA, 1.14 mA, and 0.90 mA for the uLED (As), uLED (Ar), and pLED (ICP) samples, respectively. This suggests that uLED (Ar)
exhibited the lowest dynamic resistance (Ry) at 3V, as detailed in Table 2, presenting the best electrical performance among
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Fig.3 The |-V curves of three samples a from 2 to 4 V with linear scale, and b from — 5 to 5V in log scale

the three samples. Furthermore, the series resistance (R,) between 3 to 4V was found to be 109.2 Q) for uLED (As), 89.4 Q) for
ULED (Ar), and 108.6 Q for uLED (ICPRIE). The higher R, observed in uLED (ICPRIE) may be attributed to the disappointing
carrier input efficiency caused by increased leakage current, where many carriers flow into the sidewall and become trapped
by the dangling bonds on the mesa sidewall. Similarly, a higher Rs was also observed in uLED (As) compared to uLED (Ar),
potentially due to damage in the n-GaN layer, further resulting to higher R, in uLED (As). To delve deeper into these results,
the log scale of the IV curve was also plotted in Fig. 3b, providing a clearer view of the electrical properties. From Fig. 3b, it
can be observed that the uLED (ICP) sample exhibited significant leakage issues and early turn-on problems. The leakage
current (2.6 uA @ — 5V) of uLED (ICP) was more than one order of magnitude higher than that of both implantation samples,
which displayed lower leakage currents (1 nA @ — 5 V). Although the passivation has covered the sidewalls and partial top
area (described at the Experimental section), obviously, the passivation did not be effective for the ICPRIE samples. This result
suggested that the electrical properties were enhanced by avoiding the creation of a sidewall in uLED devices. Moreover, a
lower parallel resistance (Rp) was observed in uLED (“°Ar) compared to uLED (*As).In MLED devices, Rp represents the leakage
current before the device turns on, with values listed in Table 2 as 20.7 GQ for uLED (*As) and 11.7 GQ for MLED (Ar) from 0.5 to
1.5V. A higher R, indicated less leakage carrier flow from the anode to cathode, implying a better isolation effect. Compared
to ULED (*°Ar), although a lower implantation dosage was applied in ULED (As), the heavier ions can cause more significant
damage to the crystal structure, resulting in a better isolation process in the semiconductor material. Moreover, the most
important indicative values, considered as an ideality factor, were also calculated and fitted within the turn-on region from 2
to 2.3V, aslisted in Table 2. Clearly, the ideality factor values for the implantation samples were significantly smaller than those
for the ICP sample, approaching 2. This indicates outstanding performance when employing the ion implantation process.
Furthermore, due to the superior isolation effect in uLED ("As), a lower ideality factor of 2.15 was exhibited in this study.
However, this damage is difficult to observe in the implant process when the implant energy below 50 keV and the dosage
below 1x10'°/cm?[17]. Generally, heavy ion implants will more easily damage materials, including the n-GaN layer, leading
to higher series resistance. In summary, a lower current was observed in uyLED (>As) thanin MLED (“OAr) at the same voltage.
Overall, the device fabricated by ion implantation exhibited better electrical performance than that using ICP dry etching. To
further elucidate the impact of R; and R, on uLED performance, the optical properties will be discussed in the next section.

Despite the electrical performance, the corresponding relationship with photoelectric properties is also important
in the uLED study. Following this, light output power (LOP) was measured using integrating sphere systems and plot-
ted in Fig. 4a. As the injection current increases from 0.1 to 30 mA, the LOP of the uLED (*°Ar) sample rises quickly
from 0.023 to 4.77 mW. Similarly, the LOP of uLED (">As) increased from 0.019 to 4.26 mW. In contrast, the uLED (ICP)

Table 2 Resistance, ideality

Samples R4 (@3V) (kQ R. (@3to4V)(Q R, (@0.5t0 1.5V Ideality factor eak EQE (%
factors, and peak EQE of three P 4 (@3V) (k) (@ )@ p(@ ) 4 P QE (%)

MLED samples in this study ULED (As) 3.10 109.2 20.7 GQ 2.15 9.82
uLED (Ar) 085 89.4 11.7GQ 2.21 11.03
uLED (ICP)  1.27 108.6 3.23u0 11.89 8.67
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sample exhibited the worst LOP, ranging from 0.011 to 3.53 mW. Despite the ability of the uLED (ICP) sample to emit
from the sidewall, it still showed lower LOP compared to the other samples. The wall plug efficiency (WPE) of the
three samples was also presented in the inset of Fig. 4a. Due to lower Ry and R,, the highest WPE was observed in
ULED (*°Ar) with a value of 10.66%. This result indicates that the value of R, is more important than R, in the opera-
tion of uLEDs, owing to the small emission area generating higher current density in the pLED device. A lower R, will
improve electrical-optical transferring efficiency. Meanwhile, the EQE was also calculated and plotted in Fig. 4b. The
values of the peak EQE of the three samples are listed in Table 2, which were 9.82%, 11.03%, and 8.67% in uLED ("°As),
MLED (*°Ar), and WLED (ICP), respectively. Due to higher LOP and WPE, it can be observed that the highest values
of peak EQE occurred in the uLED (*°Ar) sample. Recently, a new approach was used to improving the efficiency of
GaN-based micro-LEDs with full-M-sided hexagonal mesa combinaed with the treatment of TMAH solution. The cor-
responding EQE,,, was about 10% [27]. Abviously, “°Ar ion implantation can enhance electrical and optical properties
and minimizing sidewall damage of uLEDs. Moreover, the EQE droop efficiency is also shown in the inset of Fig. 4b.
A higher EQE decay ratio of 52% occurs in uLED (ICP), declining more than half of the peak EQE in this sample. The
lower EQE of uLEDs was related to more defects in the LED epilayers, which will form non-radiative recombination
centers. The carriers will be trapped by those recombination centers as Shockley-Read-Hall (SRH) recombination,
which suppresses radiative recombination behavior and further decreases EQE values. Therefore, the higher SRH
effect significantly impacts the uLED (ICP) sample, resulting in the disappointing performance observed in uLED (ICP).

To compare the emission patterns between ion implant and ICP processes, light emission profiles were measured
using ImagelJ software, as shown in Fig. 5. Additionally, electroluminescence (EL) pictures were exhibited in the inset
of Fig. 5. The three-by-three array emitted at an injection current of 0.5 mA (current density 55.6 A/cm?), and the
ULED (*°Ar) sample presented lower intensity in the channels between each chip in the array, as depicted in Fig. 5a.
Conversely, a serious optical crosstalk issue was observed in uLED (ICP) in Fig. 5b. Despite being emitted by three
chips, the emission intensity remained at the same value, caused by the light emitted from the mesa sidewall in the
ULED (ICP) sample. However, the LOP of uLED (ICP) and pLED (Ar) were 0.12 mW and 0.15 mW, respectively, at an input
current of 0.5 mA. This indicates that inhibiting the SRH non-radiative recombination can not only extract more light
emission but also avoid the optical crosstalk issue in uLED devices.

4 Conclusion

In this study, we explored the fabrication and performance of 10 um chip size uLEDs using ion implantation and
dry etching techniques. The investigation focused on two ion sources, >As and *°Ar, with an implantation energy
of 40 keV, as modeled by SRIM simulations. The higher atomic mass of °As resulted in shallower ion penetration
compared to 4OAr, with peak distributions at 17 and 25 nm, respectively. To evaluate the effects of these ions, we
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carefully adjusted the implant dosages to 4 x 10'* for >As and 8 x 10" for *°Ar, ensuring a fair comparison. Our
results demonstrated that ion implantation significantly outperformed the dry etching process. The yLED (Ar) sample
exhibited the highest IV slope, indicating the lowest Rd and Rs. This was evidenced by superior electrical properties,
with a current of 1.14 mA at 3 V for uLED (Ar), compared to 0.97 mA for uLED (As) and 0.90 mA for uLED (ICP). The
MLED (ICP) device showed notable leakage current and early turn-on issues, with a leakage current of 2.6 pAat -5V,
significantly higher than the 1 nA observed in the implant samples. Optically, the uLED (*°Ar) demonstrated the high-
est light output power and WPE, achieving a peak WPE of 10.66%. The peak EQE was also highest in uLED (*°Ar) at
11.03%, significantly better than the uLED (ICP) at 8.67%. The study highlighted the detrimental impact of sidewall
defects and non-radiative recombination centers, particularly in uLED (ICP) samples, which suffered from severe
optical crosstalk and lower device performance. Overall, this study underscores the advantages of ion implantation
over traditional dry etching in uLED fabrication, offering enhanced electrical and optical properties and minimizing
sidewall damage. This process is crucial for developing high-efficiency, small-sized pLEDs, with potential applications
in advanced display technologies.
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