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Abstract: Micro-light emitting diodes (Micro-LEDs) based on IlI-nitride semiconductors have become
a research hotspot in the field of high-resolution display due to its unique advantages. However, the
edge effect caused by inductively coupled plasma (ICP) dry etching in Micro-LEDs become significant
with respect to the decreased chip size, resulting in a great reduction in device performance. In this
article, sector-shaped GaN-based blue Micro-LEDs are designed and fabricated. Additionally, the
device performance of different size Micro-LEDs with passivation are investigated with respect to
those without passivation. Several methods have been applied to minimize the etching damage near
the edge, including acid-base wet etching and SiO; passivation layer growth. The room temperature
photoluminescence (PL) results demonstrate that the light emission intensity of Micro-LEDs can be
significantly enhanced by optimized passivation process. PL mapping images show that the overall
luminescence of properly passivated Micro-LEDs is enhanced, the uniformity is improved, and
the effective luminescence area is increased. The recombination lifetime of carriers in Micro-LEDs
are increased by the usage of passivation process, which proves the reduction in non-radiative
recombination centers in Micro-LEDs and improved luminescence efficiency. As a result, the internal
quantum efficiency (IQE) is improved from 14.9% to 37.6% for 10 um Micro-LEDs, and from 18.3% to
26.9% for 5 um Micro-LEDs.

Keywords: Micro-LED; passivation; edge effect

1. Introduction

Micro-LEDs have become one key technology of LED-based display chips for the next
generation of high-resolution display. By reducing the size and pitch of LED pixels from
centimeters/millimeters to micrometers, the resolution of a Micro-LED display can reach
up to 3000 PPI(pixel per inch), or even more. In comparison with organic light emitting
diode(OLED) technology, GaN-based Micro-LEDs also have other advantages including
high contrast, high efficiency, fast response speed, high chemical and structure stability,
etc., which make Micro-LEDs a current research hotspot. However, several problems
are needed to be settled in the development of Micro-LEDs. One of the most important
things is the efficiency of Micro-LEDs. With the reduced chip size, the edge effect of the
sidewall becomes an inescapable issue. The etching process in fabrication procedure will
introduce unavoidable etching damages on the side walls of each chip, which are known
as non-radiative centers, resulting in degrading the device performance. Therefore, the
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passivation and heal of those etching damage on sidewalls hold the great significance for
the performance of Micro-LED.

At present, the edge effect and passivation of GaN-based LED on sapphire substrate
have been investigated by pioneers. Kim et al. have reported that the leakage current of
LED devices has a significant relationship with the size of the chip [1]. They used NO,
plasma to passivate the sidewall to recover the etching damage. Huh and others treated the
etched GaN structure with ammonium sulfide ((NHy),S) aqueous solution and a mixture
of ammonium sulfide and tert-butanol (C4H9OH), which passivated the etching damage
on the side wall and reduced the reverse leakage current of the device [2]. Chevtchenko
et al. and Pankove et al. respectively demonstrated that passive layer such as SiNy can
avoid direct contact between the chip and the outside environment, which reduce the
density of surface state, thereby reducing the probability of surface recombination and
inhibiting leakage current [3,4]. Although there are many reports on surface treatment
for nitrides, most of these research objects are conventional large-scale LED. With the
continuous development of technology, LED is developing towards miniaturization. Micro-
LED technology emerges as the time requires. Currently, the sizes of most Micro-LEDs
are tens to hundreds of microns, while we are studying Micro-LEDs with tiny size, which
are less than 10 um. At this tiny size, the edge effect has a significant effect on the overall
luminescent of Micro-LED, so it is necessary to study the passivation and its influence on
the side wall of small-sized Micro-LED. As far as we know, there are few reports on the
side wall passivation of Micro-LEDs with a tiny size less than 10 um, especially there is
a lack of comprehensive and detailed optical characterization of small-sized Micro-LEDs
before and after passivation. Through this research, it will be of great significance to the
future academic research and industrial application of small-size Micro-LED.

In this article, we designed and fabricated sector-shaped GaN-based Micro-LEDs with
aradius of 5 um and 10 pm, respectively. Several kinds of different passivation treatment
were applied, including acid-base wet etching and SiO, passivation layer growth. Then
a series of optical and electrical measurements, involving scanning electron microscope
(SEM), photoluminescence (PL), PL mapping, time-resolved photoluminescence (TRPL),
temperature-dependent photoluminescence (TDPL), and electroluminescence (EL) were
conducted on the samples before and after passivation, in order to reveal the effect of
optimized passivation process.

2. Experimental Methods

InGaN/GaN multiple quantum well (MQW) LED wafer were grown on (0001) sap-
phire substrates by metal-organic chemical vapor deposition (MOCVD). The structure in-
cludes 3 um-thickness GaN buffer layer, 2 pm-thickness n-GaN layer, 15-pairs InGaN/GaN
MQWs, and 100 nm-thickness p-GaN layer. A 200 nm SiO; layer was grown on the surface
of the LED wafer as the etching mask by using plasma-enhanced chemical vapor deposition
(PECVD). Typical photolithography, reactive ion etching (RIE), and inductively coupled
plasma (ICP) etching process were adopt on LED wafer in order to form sector-shaped
mesa. Then hydrofluoric acid was used to remove the S5iO, mask layer. Overlay lithography
was used to expose n-type and p-type electrode area, then electrodes of Ti/Al/Ni/Au
were fabricated by physical vapor deposition (PVD), and rapid thermal annealing (RTA)
was used to form ohmic contact. In this work, Micro-LEDs with a radius of 5 pum and
10 um were fabricated. The samples were divided into 8 groups labeled S1 to S8, and
different passivation methods were applied respectively, including acid-base wet etch-
ing and SiO, passivation layer growth. The details of passivation process are shown in
Table 1. We first demonstrated the processing steps for S8. Firstly, the sample was placed
in 1 mol/L KOH solution for 10 minutes water-bath at 40 °C; secondly, we placed the
sample in HCI:H,O = 1:1 solution for 10 minutes water-bath at 40 °C. Finally, a 400 nm
SiO, passivation layer was deposited on the surface of the sample. For S5, S6, and S7,
only need to omit one step of S8. Subsequently, a series of optical measurements were
performed on each group of samples. The morphology of cross-section was observed by
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scanning electron microscope (SEM, JEOL JSM 7000F, Japan). Photoluminescence (PL,
Renishaw, UK) was used to investigate the light emission intensity of Micro-LEDs. The
PL spectra were gathered by spectrometer (HORIBA iHR 320, Japan) with a spectral reso-
lution of 1 nm and collected by the Micro-PL system with a 50x UV objective (Mitutoyo,
numerical aperture 0.5, focal length 200 nm). The lateral resolution of the PL system was
5 um. The laser beam was directed vertically onto the sample surface. The PL spectra were
measured for one mesa. The PL mapping technique was employed to study the edge effect
of Micro-LEDs. The lateral resolution of PL mapping system was 1 pm. Time-resolved
photoluminescence (TRPL) spectra indicate the recombination lifetime of carriers in active
region of Micro-LEDs. Temperature-dependent photoluminescence (TDPL) was used to
estimate the internal quantum efficiency (IQE). Additionally, electroluminescence (EL) was
used to study the luminescence of Micro-LEDs at different currents.

Table 1. Treatment of samples.

Sample Methods
S1 Untreated
S2 1 mol/L KOH 40 °C water bath
S3 1:1 HC1 40 °C water bath
S4 400 nm SiO, Passivation layer
S5 KOH + HCl
56 KOH + SiO, Passivation layer
S7 HCl + SiO, Passivation layer
S8 KOH + HCl + SiO; Passivation layer

3. Results and Discussion

As shown by the optical microscope in Figure 1a, sector-shaped GaN-based Micro-
LEDs were fabricated. The structure diagram can be found in Figure 1b. The cross-section
SEM image is shown in Figure 1c, where the side wall of LED was covered with a S5iO,
layer. Figure 1d shows the PL spectra of 10 um Micro-LEDs from S1 to S8. The PL spectra
mainly contained two components. The first component is the luminescence of the InGaN
quantum well, which forms the main peak in the PL spectra. The other component is the
luminescence of the stress-release layer below the quantum well, which forms a smaller
peak in the PL spectra with a slightly longer wavelength than the main peak. The presence
of the stress-release layer made the PL spectra appear to be non-symmetric. Our quantum
well consists of 11 periods, each with a width of 125 A. The theoretical luminescence is
generally corresponding to the results we actually measured. According to the PL spectra, it
is clearly that the improvement of luminescence of S8 is the most obvious after passivation,
which means the passivation method of S8 is the best in the eight groups.

Figure 2a demonstrates the room temperature PL spectra of Micro-LED samples before
and after passivation. For 5 um-radius samples, the emission intensity was enhanced by
the factor of 5.6; for 10 um samples, the emission intensity was increased by the factor of
10.5 after passivation. It is clear that passivation treatment could obviously reduce the edge
effect and significantly improve the luminous intensity of Micro-LEDs.
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Figure 1. (a) Plan view of Micro-LED without electrodes; (b) plan view of Micro-LED with electrodes; (c) structure diagram;
(d) SEM image of cross-section; and (e) photoluminescence (PL) spectra of 10 pm-radius Micro-LEDs from S1 to S8.
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Figure 2. (a) PL spectra at room temperature; (b) PL mapping of 10 um untreated Micro-LED; (c) PL mapping of 10 pm

treated Micro-LED; and (d) time-resolved photoluminescence (TRPL) spectra at room temperature. The fitting curves are

shown as black dot-dash lines in the figure.

Figure 2b,c illustrate the PL mapping images of 10 um-radius Micro-LED with and
without passivation. All samples share the same measurement parameters. The emission
intensity of PL mapping images was divided into 10 levels from 100 to 500,000 in a.u.
and marked with different colors. The boundaries of Micro-LED chip are marked by red
dash lines in the diagram. Comparing these PL mapping images, it can be found that
the passivated Micro-LED had a significantly larger area with luminous intensity above
150,000 in a.u. (orange area). Additionally, more area of high luminous intensity above
200,000 (red area) could be found in passivated Micro-LEDs. In addition, the emission of
passivated Micro-LED show more uniform distribution in intensity, which was a benefit for
display application. According to the integration of PL intensity, the emission of passivated
Micro-LED was about 49% higher than that of the untreated samples. For the emission area
with luminous intensity above 100,000 (yellow region), it was estimated that the boundary
of the passivated Micro-LED had about 5% expanded area than the untreated samples.
Obviously, the SiO, passivation layer could effectively increase the luminous intensity
of Micro-LED and improve the uniformity of luminescence, on the other hand, inhibit
the degradation of the luminous performance of Micro-LED devices caused by sidewall
damage during ICP etching. It might be mainly attributed to the large number of dangling
bonds and physical defects in the side walls of untreated samples [5]. These defects and
hanging bonds are prone to become surface states, which can form leakage channels when
exposed to air, resulting in a decrease in the luminescent performance of devices [6]. When
the sample is treated by wet etching, the surface state and defect density are reduced,
and the device luminous performance is improved. However, the sidewall stability of the
sample after acid-base treatment is relatively poor, which will be easy to degenerate again
when exposed to air, resulting in an insignificant actual passivation effect [7]. The usage of
the SiO, passive layer can not only effectively reduce the defect of side wall and density of
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surface states, but also can separate the device from the environment, which further protect
the side wall and improve the performance and reliability of the Micro-LEDs.

Figure 2d shows the TRPL results of two size samples with and without passivation.
The TRPL spectra of the sample can be fitted with a biexponential function, that is, the
luminescence intensity I(t) can be expressed as [8]:

I(t)= Ajexp(—t/T1)+Azexp(—t/T2) (1)

Among them, A; and T are fast decay components and A; and T, are slow decay
components [8]. In previous studies, the carrier recombination in Micro-LED are mainly
dominated by nonradiative recombination at room temperature, so T can be approximated
considered as the carrier nonradiative recombination lifetime, and 1/77 is the nonradiative
composite probability [9]. The results show that the non-radiation recombination lifetime
of 5 um Micro-LED increased from 9.9 to 30.5 ns, and that of 10 um Micro-LED increased
from 7.8 to 32.7 ns after passivation treatment. This indicates that the optimized passivation
process can inhibit the nonradiative recombination of carriers in Micro-LEDs due to the
reduced impurities and defects density on the surface of side walls in Micro-LED. It is
believed that the reduced non-radiation composite centers will improve the luminescence
efficiency of Micro-LED.

For Micro-LED with a small chip size, there are many reports that demonstrated the
great decrease in internal quantum efficiency (IQE), which restricts the usage of Micro-
LEDs in many applications. Normally, IQE refers to the ratio of the number of photons
generated in the active region of the LED per unit time to the number of electron-hole pairs
injected into the LED. In general, the internal quantum efficiency nigg can be expressed
as [10]:

NIQE = 2

r
nr+nnr

Among them, 1y and 1, represent radiation recombination efficiency and non-radiation
recombination efficiency, respectively [10]. In previous reports, the temperature-dependent
PL was usually used to estimate the IQE of LED [11-13]. It is based on the assumption that
the radiation recombination mechanism of carriers is dominant under low temperature
conditions (below 20 K), where the non-radiative recombination can be ignored [14]. Under
low temperature, the IQE of LED can be considered as 100% [15,16]. Therefore, IQE of LED
under room temperature can be estimated by the ratio of PL integrated intensity at room
temperature (300 K) and that at low temperature, that is, IQE can be expressed as [14]:

_ Ipp(RT)
MQE = 1. 7(IT) &)

where Ipp (RT) represents the integrated PL intensity at room temperature, and Ipy (LT)
represents the integrated PL intensity at low temperature.

Figure 3a-d shows the temperature-dependent PL (TDPL) spectra of 5 um and 10 pm
Micro-LEDs with and without passivation. For 5 um Micro-LED without passivation, IQE
is only 18.3%. After passivation, the IQE was increased to 26.9%. Meanwhile, for 10 pm
Micro-LED, the IQE was increased from 14.9% to 37.6% after passivation. It is clear that
the optimized passivation process could greatly increase the IQE of Micro-LEDs. It is
because the passivation treatment could effectively inhibit the non-radiative recombination
of carriers in the Micro-LED, leading to the improvement the radiative recombination
efficiency of the carriers in the active region. Thus, optimized passivation process is very
helpful for improvement of the device performance and expanding the applications of
Micro-LED.
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Figure 3. (a) TDPL spectra with the corresponding internal quantum efficiency (IQE) values of 5 um untreated Micro-LED;
(b) TDPL spectra with the corresponding IQE of 5 um treated Micro-LED; (c¢) TDPL spectra with the corresponding IQE of 10
um untreated Micro-LED; (d) TDPL spectra with the corresponding IQE of 10 pum treated Micro-LED; (e) electroluminescence
(EL) spectra of 10 um untreated Micro-LED, and the inset in (e) is the current-voltage (IV) curves of 10 pm Micro-LED
before and after passivation; and (f) EL spectra of 10 um treated Micro-LED.
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Figure 3e—f shows the electroluminescence (EL) and current-voltage (IV) spectra of
10um Micro-LEDs with and without passivation. Comparing these two figures, it can be
found that the EL intensity of the treated sample was approximately doubled compared to
that before passivation at the same current, and the threshold voltage of Micro-LED reduced.
This result indicates that the passivation treatment effectively reduced the non-radiative
recombination and significantly improved the luminescence efficiency of the Micro-LED.
This result was also consistent with the PL results described in the previous section. EL
results once again demonstrated the importance of passivation treatment for improving
the luminescence performance of small-sized Micro-LEDs from an electrical perspective.

4. Conclusions

In this article, for the sake of improving the performance of Micro-LEDs, passivation
process including acid-base wet etching and SiO, passivation layer growth was investigated
and optimized. PL spectra show that for 10 pm samples, the emission intensity was
increased by the factor of 10.5 after passivation. PL mapping results show that the emission
of passivated Micro-LED was about 49% higher than that of the untreated samples, and the
boundary of the passivated Micro-LED had about 5% expanded area than the untreated
samples. The TRPL results show that the non-radiation recombination lifetime of 10 pm
Micro-LED increased from 7.8 to 32.7 ns after passivation treatment. TDPL results show that
the IQE of 10 um Micro-LED increased from 14.9% to 37.6% after passivation. EL results
show that the EL intensity of the treated sample was approximately doubled compared to
that before passivation at the same current. With these data, we could calculate that the non-
radiative recombination is suppressed by about 20% after passivation treatment. All these
results indicate that the radiation recombination efficiency of carriers was improved after
passivation, and the internal quantum efficiency of Micro-LED were increased significantly.
It is because passivation process can reduce the non-radiative recombination center, thereby
inhibiting the non-radiative recombination of carriers in Micro-LED and improving the
luminescence efficiency, which can expand the applications of Micro-LEDs.

Author Contributions: Conceptualization, J.Y., T.T. and B.L.; Formal analysis, J.Y., EX. and Y.Z. (Yao
Zheng); Funding acquisition, T.T. and B.L.; Investigation, J.Y., EX., Y.Z. (Yao Zheng), X.W,, Y.S. and
S.L.; Project administration, J.Y., T.T. and B.L.; Resources, T.T., B.L., Y.Y., Z.X,, D.C,, P.C.,, X.X,, Y.Z.
(Youdou Zheng) and R.Z.; Supervision, T.T. and B.L.; Validation, J.Y.; Writing—original draft, J.Y., T.T.
and B.L.; Writing—review and editing, J.Y., T.T. and B.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China by grant number 2016YFB0404101, the National Nature Science Foundation of China by grant
number 62074077, 62004104, 61974062, 61921005, and Leading-edge Technology Program of Jiangsu
Natural Science Foundation by grant number BK20202005.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are available from the corresponding author upon
reasonable request.

Acknowledgments: The authors acknowledge financial support from the National Key Research
and Development Program of China (2016YFB0404101), the National Nature Science Foundation
of China (62074077, 62004104, 61974062, 61921005), Leading-edge Technology Program of Jiangsu
Natural Science Foundation (BK20202005), the Solid State Lighting and Energy-saving Electronics
Collaborative Innovation Center.

Conflicts of Interest: The authors declare no conflict of interest.



Crystals 2021, 11, 403 90f9

References

1. Kim, HM,; Huh, C; Park, S.J. Reduction in leakage current of InGaN-based light-emitting diodes by N,O plasma passivation.
Proc. Soc. Photo-Opt. Ins. 2002, 4776, 247-254. [CrossRef]

2. Huh, C,; Kim, SW,; Kim, H.S,; Kim, HM.; Hwang, H.; Park, S.J. Effects of sulfur treatment on electrical and optical performance
of InGaN/GaN multiple-quantum-well blue light-emitting diodes. Appl. Phys. Lett. 2001, 78, 1766-1768. [CrossRef]

3. Chevtchenko, S.A.; Reshchikov, M.A.; Fan, Q.; Ni, X.; Moon, Y.T.; Baski, A.A.; Morkoc, H. Study of SiNx and SiO, passivation of
GaN surfaces. J. Appl. Phys. 2007, 101. [CrossRef]

4. Pankove, ].I; Berkeyheiser, J.E.; Kilpatrick, S.J.; Magee, C.W. Passivation of GaAs surfaces. . Electron. Mater. 1983, 12, 359-370.
[CrossRef]

5. Cao, M.,; Wu, H; Lao, Y;; Liu, C.; Xie, Z.; Cao, C. Influence of Etching on the Luminescence Characteristic of Strained
InAsP/InGaAsP Multiple Quantum Wells. Chin. ]. Semicond. 2007, 28, 467-470. [CrossRef]

6. Xue, S; Han, Y.; Luo, Y. Improvement on GaN-based LED Reversed Leakage Current Characteristic by Passivation Process.
Semicond. Optoelectron. 2006, 27, 164-166. [CrossRef]

7. Ha, M.W.; Choi, Y.H.; Lim, J.; Han, M.K. SiO; passivation effects on the leakage current in AlIGaN/GaN high-electron-mobility
transistors employing additional Schottky gate. Jpn. J. Appl Phys. 2007, 46, 2291-2295. [CrossRef]

8.  Liu, B.; Smith, R.; Bai, ].; Gong, Y.; Wang, T. Great emission enhancement and excitonic recombination dynamics of InGaN/GaN
nanorod structures. Appl. Phys. Lett. 2013, 103. [CrossRef]

9.  Chichibu, S.F; Hazu, K.; Ishikawa, Y.; Tashiro, M.; Namita, H.; Nagao, S.; Fujito, K.; Uedono, A. Time-resolved photoluminescence,
positron annihilation, and Al0.23Ga0.77N/GaN heterostructure growth studies on low defect density polar and nonpolar
freestanding GaN substrates grown by hydride vapor phase epitaxy. J. Appl. Phys. 2012, 111. [CrossRef]

10. Wang, L.; Xing, Y.; Hao, Z.; Luo, Y.; Sun, C,; Han, Y,; Xiong, B.; Wang, J.; Li, H. Evaluation of internal quantum efficiency of blue
light emitting-diodes. Sci. Sin. Phys. Mech. Astron. 2015, 45, 67304.

11. Lee, YJ.; Chiu, C.H,; Ke, C.C;; Lin, P.C.; Lu, T.C.; Kuo, H.C.; Wang, S.C. Study of the Excitation Power Dependent Internal
Quantum Efficiency in InGaN/GaN LEDs Grown on Patterned Sapphire Substrate. IEEE ]. Sel. Top. Quantum Electron. 2009, 15,
1137-1143. [CrossRef]

12. Hangleiter, A.; Fuhrmann, D.; Grewe, M.; Hitzel, F; Klewer, G.; Lahmann, S.; Netzel, C.; Riedel, N.; Rossow, U. Towards
understanding the emission efficiency of nitride quantum wells. Phys. Status Solidi A Appl. Mater. Sci. 2004, 201, 2808-2813.
[CrossRef]

13.  Yamada, Y.;; Iwamura, K.; Kuronaka, T.; Shinomura, N.; Okagawa, H. Internal Quantum Efficiency of Nitride-based Light-Emitting
Diodes. |. Light Vis. Environ. 2008, 32, 191-195. [CrossRef]

14. Kohno, T.; Sudo, Y.; Yamauchi, M.; Mitsui, K.; Kudo, H.; Okagawa, H.; Yamada, Y. Internal Quantum Efficiency and Nonradiative
Recombination Rate in InGaN-Based Near-Ultraviolet Light-Emitting Diodes. Jpn. J. Appl. Phys. 2012, 51, 7. [CrossRef]

15. Lee, YJ].; Kuo, H.C,; Lu, T.C.; Wang, S.C.; Ng, KW,; Lau, KM.; Yang, Z.P; Chang, A.S.-P.; Lin, S.Y. Study of GaN-based
light-emitting diodes grown on chemical wet-etching-patterned sapphire substrate with V-shaped pits roughening surfaces. J.
Lightwave Technol. 2008, 26, 1455-1463. [CrossRef]

16. Watanabe, S.; Yamada, N.; Nagashima, M.; Ueki, Y.; Sasaki, C.; Yamada, Y.; Taguchi, T.; Tadatomo, K.; Okagawa, H.; Kudo, H.

Internal quantum efficiency of highly-efficient InxGalxN-based near-ultraviolet light-emitting diodes. Appl. Phys. Lett. 2003, 83,
4906-4908. [CrossRef]


http://doi.org/10.1117/12.452566
http://doi.org/10.1063/1.1355990
http://doi.org/10.1063/1.2740324
http://doi.org/10.1007/BF02651137
http://doi.org/10.3321/j.issn:0253-4177.2007.z1.119
http://doi.org/10.3969/j.issn.1001-5868.2006.02.015
http://doi.org/10.1143/JJAP.46.2291
http://doi.org/10.1063/1.4820794
http://doi.org/10.1063/1.4717955
http://doi.org/10.1109/jstqe.2009.2014967
http://doi.org/10.1002/pssa.200405051
http://doi.org/10.2150/jlve.32.191
http://doi.org/10.1143/JJAP.51.072102
http://doi.org/10.1109/JLT.2008.922151
http://doi.org/10.1063/1.1633672

	Introduction 
	Experimental Methods 
	Results and Discussion 
	Conclusions 
	References

