

  crystals-12-01593




crystals-12-01593







Crystals 2022, 12(11), 1593; doi:10.3390/cryst12111593




Article



Investigation of the Effect of ITO Size and Mesa Shape on the Optoelectronic Properties of GaN-Based Micro LEDs



Aoqi Fang, Hao Xu, Weiling Guo *, Jixin Liu, Jiaxin Chen and Mengmei Li





Key Laboratory of Optoelectronics Technology, Ministry of Education, Beijing University of Technology, Beijing 100124, China









*



Correspondence: guoweiling@bjut.edu.cn







Academic Editor: Ikai Lo



Received: 6 October 2022 / Accepted: 2 November 2022 / Published: 9 November 2022



Abstract

:

In this paper, in order to explore the influence of indium tin oxide (ITO) size and mesa shape on the performance of GaN-based micro light emitting diodes (Micro LEDs) on sapphire substrates, Micro LEDs of different sizes with ITO area smaller than or equal to the light-emitting area were designed and fabricated. The experiment results show that when the ITO area of the Micro LED is equal to the area of the light-emitting area, its optoelectronic performance is significantly better than that of the Micro LEDs whose ITO area is smaller than the area of the light-emitting area. When the light-emitting area size is 40 μm, the wall-plug efficiency (WPE) of the two structures of Micro LEDs can differ by more than 50%. Based on above experiment results, this paper designed and fabricated Micro LEDs with different sizes of square and circular mesa with the same ITO area as the light-emitting area. The experimental results show that the WPE of the circular mesa Micro LED is slightly higher than that of the square mesa Micro LED at low current density. However, as the current density and chip size increase, the performance of the Micro LED with a square mesa is better.
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1. Introduction


In recent years, with the maturity of III-V compound semiconductor devices and integrated circuit technology [1,2,3], miniature portable electronic products have begun to emerge. Among them, Micro LEDs are widely used in smart phones, visible light communication, implantable devices and other fields due to their unique advantages [4,5]. However, the conventional LED structure has problems such as the difficulty of achieving good ohmic contact on the P-GaN surface, and the dense current distribution under the P electrode, which will lead to uneven current and heat distribution of the LED, which will degrade the optoelectronic performance of the LED and affect the reliability of the device [6]. Therefore, ITO films with high light transmittance, good electrical conductivity and easy-to-form good ohmic contact with P-GaN [7,8] are widely used as extended electrodes to improve the above problems. In recent years, scholars have continued to improve the structure and preparation methods of ITO films to further improve the optoelectronic properties of LEDs: in 2010, Cheng, L. et al. used photoresist as a mask for inductively coupled plasma etching (ICP) to transfer the twisted shape of the photoresist to the ITO surface; the study found that more scattering occurred on ITO with a rougher surface, and moreover, the performance of LEDs increased [9]. In 2018, J. Xu et al. deposited a thin layer of Al after sputtering ITO, and alloyed Al atoms with ITO atoms after thermal annealing; when the overall thickness of the film is 395nm, the light transmittance reaches 93.2%, and the optical output power of the device is increased by 13% compared with the pure ITO film [10]. For Micro LEDs, the mesa structure is an important factor affecting the optoelectronic performance of the device. The improvement of the light-emitting mesa mainly focuses on the treatment of the side wall [11]. In 2010, Chen P.H. et al. proposed to engrave nano-textures on the sidewall of the LED mesa to improve the light extraction efficiency, which increased the output power of the LED by more than 45% [12]; In 2010, P.H. Chen et al. proposed an alternative approach to investigate these defects directly after MESA formation, by coupling optical characterization techniques together with time-of-flight secondary ion mass spectrometry (TOF-SIMS) on AlGaInP square shaped pixels of different sizes formed by BCl3-based reactive ion etching (RIE) [13], which provides convenience for the processing of mesa sidewall defects.



Although the research on ITO and mesa is relatively advanced, most of the studies focus on the improvement of the preparation process and the influence of the surface mechanism [14,15,16], and there are few studies on the specific size of ITO and the shape of the mesa in Micro LEDs. Therefore, this paper proposes Micro LEDs with an ITO area less than or equal to the area of the light-emitting area and square and circular mesa, to explore the influence of the size of the ITO relative to the area of the light-emitting area and the shape of the mesa on the optoelectronic property of Micro LEDs.




2. Materials and Methods


A GaN-based LED commercial epitaxial layer grown on sapphire was used, from bottom to top comprised of: 3.4 μm U-GaN; 2.3 μm N-GaN; 150 nm InGaN/GaN multiple quantum wells (MQW) layer; 43 nm P-GaN. For the Micro LED with ITO area equal to the mesa area, in order to prevent the shrinkage of ITO from affecting the final area, we firstly deposited 110 nm ITO and 1.5 nm Al on the epitaxial layer by electron beam evaporation. Secondly, we annealed at 580 °C for 5 min to achieve good ohmic contact between ITO and P-GaN. Then, we etched the epitaxial layer 1.2 μm to N-GaN layer by inductively coupled plasma (ICP) etching to form light-emitting mesa. For the Micro LED with ITO area smaller than the light-emitting area, the above two steps were done in reverse. Then, for both kinds of Micro LED, 1000 nm-thick SiO2 was grown by PECVD as the passivation layer (PV). Because SiO2 is hydrophilic and photoresist is hydrophobic, HDMS treatment was used to remove the -OH on the surface of SiO2, so that the surface of SiO2 could form hydrophobicity to adhere to the photoresist well. The PV pattern was obtained by photolithography and etching. Cr/Al/Ti/Pt/Au multilayer metal as P/N electrode with a thickness of 2.4 μm was deposited by electron beam evaporation. Finally, the wafer was thinned to about 200 μm by mechanical grinding method. A 39-layer distributed Bragg reflection (DBR) layer was fabricated by alternating SiO2 and TiO2 on the back of the wafer to improve the optical extraction efficiency.



Figure 1a is the Micro LED with the size of ITO smaller than the size of the light-emitting area. The ITO of this structure is 2 μm away from the boundary of the light-emitting area, and the ITO shrank inward by 2–3 μm during the process preparation. Therefore, the distance between the ITO boundary and the sidewall was maintained at 4–5 μm, so the overall area of the ITO was smaller than the mesa area, which had some impacts on the light output of the device. To investigate the effect of ITO size change on the performance of Micro LED, a novel Micro LED sample with the ITO size equal to the light-emitting area size was designed for this paper, as shown in Figure 1b.



In order to explore the influence of different mesa shapes on the optoelectronic characteristics of Micro LEDs, square and circular mesa Micro LEDs with the same light-emitting area were designed and fabricated. The schematic diagram of the structure of the circular mesa Micro LED is shown in Figure 1c.




3. Results and Discussion


3.1. Influence of Different ITO Sizes on Optoelectronic Properties


Structure A and B represent Micro LEDs whose ITO size is smaller than and equal to the area of the light-emitting area, respectively. Figure 2 shows the I-V characteristic curves of the two structures under different light-emitting area sizes; it can be seen that at the same light-emitting area size, the series resistance of A is smaller than that of B, which is because of the increase of ohmic contact area between the P-GaN and ITO, which reduces the voltage of the device. As the size of the light-emitting area of the Micro LED decreases, the series resistance increases; as the contact area between the P-GaN and the ITO decreases with the decrease, this results in an increase in the contact resistance.



Figure 3 shows the variation curves of the WPE of the two structures with the current density under different light-emitting sizes. Because under the dual action of Auger recombination and carrier leakage, the rise in luminous power will be limited, while the current and voltage can be kept in a high range, so the WPE shows a downward trend. The WPE of B is higher than that of A, because the larger ITO area of B not only means larger light-emitting area and more photons emitted compared with the conventional structure A, but also means larger ohmic contact area and lower voltage. In addition, under the same light-emitting size, the larger the ITO is, the smaller the series resistance is (Figure 2). According to Formula (3), the value of voltage-temperature coefficient  S  decreases with the decrease of series resistance, so the thermal stability of B is better, which makes the current spreading and the optoelectronic performance of structure B better.


  S =     d  V F    d T     =   n k  q  ln      I F     I S      +   d  R s    d T    I F   



(1)




where,    I S    is the reverse saturation current,  q  is the electronic quantity,  k  is the Boltzmann constant,  T  is the absolute temperature and  n  is the ideal factor.    I S    is a function of temperature. Under the condition that all impurities in the semiconductor material are ionized and the intrinsic excitation can be ignored,    I S    can be summarized as:


   I S  = A e        D n     τ n         n i 2     N A    +      D P     τ P         n i 2     N D      = C  T 3  exp   −   e  V   g 0      K T      



(2)







 A  is the knot area,  C  is a constant related to junction area and impurity concentration and    V   g 0      is the potential difference between the conduction band bottom and the valence band top of the PN junction material at absolute zero. Substituting Formula (2) into Formula (1),  S  can be summarized as:


  S =     d  V F    d T     =   n k  q  ln    C   I F      +   3 n k  q  lnT +   3 n k  q  +   1.5 k T +  E a    2 k  T 2     I F   R s   



(3)







Figure 3 also shows the variation of the novel structure (B) compared with the conventional structure (A) under four kinds of size. It can be seen that as the chip size decreases, the ITO area has a greater impact on the optoelectronic performance of the Micro LED. Where the size of the light-emitting area is 40 μm and 100 μm, the WPE of the novel structure improves by up to 110% and 18% as shown in Figure 3a and Figure 3d, respectively. A mathematical model can be used to describe this phenomenon. If the size of the light-emitting area is “L” and the distance between the ITO boundary and the boundary of the light-emitting area is “a” (approximately equal to 2 μm), then the area ratio of the ITO to the light-emitting area is “(L − a)2/L2”. Thus, the larger the size “L”, the closer the ratio to “1”, and the smaller the effect of the shrinkage of ITO on the current spreading is. Therefore, the performance of small size Micro LED can be significantly improved on account of the growth of the ITO area.




3.2. Influence of Different Mesa Shapes on Optoelectronic Properties


In this paper, C and D represent the square mesa Micro LED and circular mesa Micro LED in this comparative experiment, respectively. The specific dimensions of Micro LED with two structures are shown in Table 1.



Figure 4 shows the variation curves of WPE and luminous power of Micro LEDs with different mesa shapes under different current densities. As a whole, the WPE is almost the same for C and D; the luminous power of C is a little bit higher than that of D at high current density. However, with the increase in device size and current density, the square Micro LED has better optoelectronic performance. The WPE of the square mesa Micro LED is larger than that of the circular one, because the side surface area of the square light-emitting area is about 13% larger than that of the circular one, which leads to more light-emitting from the sidewall of C, thereby increasing the luminous power. As the current density increases further, more light emits from the sidewall, and the optoelectronic performance gap between the two structures will be widened, and as the size of the light-emitting area increases, the Micro LED with a square mesa will have better stability than the Micro LED with a circular mesa.



To further explore the performance differences of Micro LEDs with different mesa shapes in different sizes, the thermal characteristics of devices with two structures were tested under the current of 20 mA. Figure 5 shows the thermal resistance of Micro LEDs with square and circular mesa of different sizes. The thermal resistance of the square mesa Micro LED is slightly higher than that of the circular one when the size is small, which is the reason why the WPE of the D-I is slightly higher than that of C-I. With the increase in chip size, the thermal resistance of the two structures achieves the same level, that is, the thermal characteristics of the two structures are not the main factor affecting WPE in the case of large mesa size; the difference of luminous power caused by the light-emitting from the sidewall is the main reason for the difference in the optoelectronic performance of devices with two kinds of structures. Therefore, in Micro LEDs of small size, thermal factors are the cause why the square mesa cannot achieve a better optoelectronic performance than the circular one. However, with the increase in chip size, the Micro LED of the square mesa has a better optoelectronic performance due to the better luminous power.





4. Conclusions


In this paper, Micro LEDs with a light-emitting area size of 40–100 μm and an ITO size smaller than or equal to the light-emitting area size were designed and fabricated respectively. After testing and analyzing these Micro LEDs with different structures, it is found that when the area of ITO is equal to the area of the light-emitting area, the optoelectronic performance of the Micro LED is obviously better than that of conventional Micro LEDs with the area of ITO smaller than the area of the light-emitting area. When the area of the light-emitting area is 40 μm, the improvement of WPE by the new structure exceeds 50%, and with the increase in the current density, there is still a trend to improve WPE. According to this experimental result, we can improve the overall performance of the device by increasing the contact area between ITO and P-GaN, especially in small size Micro LEDs. Furthermore, Micro LEDs with square and circular mesa of different sizes were designed and fabricated, which has the structure that the area of ITO is equal to the area of the light-emitting area. It is found that the WPE of the Micro LED with a square mesa is slightly higher than that of the Micro LED with a circular mesa at a high current density on account that the light emits from sidewall, which is instructive for us to choose the mesa shape of Micro LED as Micro LED usually works under high current density. And as the size of the light-emitting area increases, the Micro LED with a square mesa will have better stability than the Micro LED with a circular mesa. In the future display array fabrication, we can extract the light from the sidewall of Micro LED on the square mesa to the pixel position, which will be of great help to the future research of Micro LED display array. In general, the square mesa Micro LED with the ITO size equal to the area of the light emitting area exhibits better optoelectronic properties, which provides a new idea for further reducing the size of the Micro LED and improving the performance of the Micro LEDs in the future.
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Figure 1. Micro LED (a) with ITO smaller than light emitting area (b) with ITO equal to light emitting area (c) with circular mesa (ITO equal to light emitting area). 
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Figure 2. I–V curves of Micro LEDs with ITO size smaller than (A) and equal to (B) the light-emitting area size. 
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Figure 3. WPE vs. current densities of Micro LED A and B (a) 40 μm (b) 60 μm (c) 80 μm (d) 100 μm. 
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Figure 4. WPE and luminous power of C and D at different current densities, (a)–(d) correspond to experimental group I–IV (The size of the mesa increases gradually). 
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Figure 5. Thermal resistance of C and D with different mesa sizes at 20 mA current. 
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Table 1. Specific dimensions of C and D.






Table 1. Specific dimensions of C and D.





	Group
	Length of C (L)
	Area of C
	Diameter of D (R)
	Area of D





	I
	30 μm
	900 μm2
	34 μm
	908 μm2



	II
	40 μm
	1600 μm2
	45 μm
	1590 μm2



	III
	80 μm
	6400 μm2
	90 μm
	6362 μm2



	IV
	100 μm
	10,000 μm2
	113 μm
	10,028 μm2
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