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Abstract

:

We investigated the effect of Ti/Al and ITO/Ag n-type contacts on the emission uniformity and light output of different chip-size vertical-geometry light-emitting diodes (VLEDs) for vehicle headlamp application. The forward voltage of the Ti/Al-based reference VLEDs decreased from 3.38 to 3.20 V at 1500 mA with increasing chip size from (1280 × 1000 µm2) to (1700 × 1700 µm2), whereas that of the ITO/Ag-based samples changed from 3.37 to 3.15 V. Regardless of chip size, the ITO/Ag-based samples revealed higher light output power than the reference samples. For example, the ITO/Ag-based samples (chip size of 1700 × 1700 µm2) exhibited 3.4% higher light output power at 1500 mA than the reference samples. The ITO/Ag samples underwent less degradation in the Wall-plug efficiency (WPE) than the reference sample. For instance, the ITO/Ag-based samples (1700 × 1700 µm2) gave 4.8% higher WPE at 1500 mA than the reference samples. The ITO/Ag-based samples illustrated more uniform emission than the Ti/Al-based sample. Both the reference and ITO/Ag-based samples underwent no degradation when operated at 1500 mA for 1000 h.
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1. Introduction


Light-emitting diodes (LEDs) have been widely applied in a variety of fields, such as solid-state lighting, outdoor display, and vehicle lamp, and biomedical treatments [1,2,3,4,5,6,7,8] because of high luminance efficiency, long lifetime, and low power consumption. In particular, it was shown that vertical-geometry LEDs (VLEDs) demonstrate better current spreading characteristic, heat dissipation efficiency and reliability as compared with lateral and flip-chip geometry LEDs [9,10,11,12,13]. For conventional VLEDs, the n-type contact (and pad) is formed on the top surface and so it blocks the extraction of photons emitted from the active region, resulting in a reduction in the light extraction efficiency (LEE) and emission uniformity [9,10,11,12,13]. Thus, to solve such a problem, buried n-metal contacts have been employed. In other words, n-contact is formed underneath the p-electrode through via holes. The buried n-contact was found to improve LEE and current spreading characteristic [13,14,15,16]. For buried n-contacts, Ti-based metal schemes were typically used to form ohmic contacts [17,18,19]. However, Ti-based contacts have poor reflectance across the visible wavelength range and so they block and absorb photons emitted from the active region. Thus, the region beneath and surrounding the n-contact becomes dimmer than the areas away from the contact. This emission non-uniformity can act as a serious technological issue in micro-LED display and vehicle headlamp applications, where absence of dark space between LED pixels is essentially required [20,21]. For instance, Kim et al. [20] investigated the light output performance of 16 × 16 pixelated micro-LEDs for headlights by enhancing the reflectivity and coverage of the p-electrode. The array was fabricated by multi-level metallization using a photosensitive polyimide inter-metal dielectric (IMD) layer. The variation of dark spaces in emission images was examined as a function of the pixel pitch for the controlled micro-LED array at 20 mA. It was shown that the dark space between pixels almost disappeared at a pixel pitch of 125 μm [20]. Thus, in this study, in order to improve the emission uniformity and light output of LEDs for vertical LED-based vehicle headlamp application, via-hole-type thin film vertical-geometry LEDs with buried reflective ITO/Ag n-contact were fabricated and their electrical and optical properties and reliability were characterized.




2. Materials and Methods


MOCVD was employed to grow vertical-geometry blue (445 nm) InGaN-based LED structures on 6 inch (0001) sapphire substrate. The device epilayer structure is composed of a 30 nm-thick GaN nucleation layer, a 1.5 μm-thick undoped GaN layer, a 5 μm-thick Si-doped n-GaN layer, four pairs of InGaN/GaN multi-quantum wells, a 50 nm-thick Mg-doped AlGaN layer, a 70 nm-thick Mg-doped p-GaN layer. For LED fabrication, the wafers were dipped in a H2SO4: H2O2 (2: 1) solution for 10 min and then rinsed with deionized (DI) water, after which they were cleaned again with acetone, methanol, and DI water in an ultrasonic bath, and blown dry with N2 gas. Then, mesa structure with via hole was defined by ICP-RIE to expose n-GaN. Plasma-enhanced chemical vapor deposition was used to deposit 700 nm-thick SiO2 for passivation (Supplementary Figure S1). As illustrated in Supplementary Figure S1a, for conventional samples, ITO (3 nm) as a p-contact and Ti/Al (10 nm/300 nm) as an n-contact were deposited, where the former was annealed at 650 °C for 40 s in N2 gas, while latter was annealed at 550 °C for 3 min in N2 gas. Finally, Ag/Ni p-reflector (200 nm/50 nm) was deposited. On the other hand, for ITO/Ag (3 nm/200 nm) contact samples, after the deposition of a 700 nm-thick SiO2 passivation layer, n- and p contact regions were exposed by etching. After that, an ITO layer (3 nm) was sputter-deposited and annealed at 650 °C for 40 s, followed by the e-beam deposition of Ag/Ni (200 nm/50 nm), that serve as n- and p-type contacts. It should be stressed that the use of ITO/Ag contact reduces the fabrication process of conventional samples by two steps (Supplementary Figure S1b). Next, Ni-Sn wafer bonding metal alloy was e-beam deposited and bonded to a 6-inch metal support at 300 °C, after which the laser lift-off (LLO) process using KrF excimer laser was performed to separate LED structure from the sapphire substrate. The undoped GaN was etched away by ICP-etching to expose n-GaN, whose surface was textured with a heated KOH solution. Schematic diagrams of vertical-geometry LEDs are illustrated in Supplementary Figure S1a–c and Supplementary Figure S2. It should be stressed that use of ITO/Ag reflector reduce the fabrication process by two steps, resulting in cost reduction, as demonstrated in Supplementary Figure S1a–c. For headlamp application, square-shape active area and bar-like p-electrode were used in order to minimize dark space and to enhance the uniformity (Supplementary Figure S3). To characterize the electrical and optical properties, all LED chips were packaged. The electrical and optical properties of the packaged samples were assessed with integrating sphere (Instrument systems GmbH. ISP 500), spectroscope (CAS 140CT), and source meter (Keithley KE2601A). A line profiler was used to examine the emission uniformity of the samples. It should be noted that for each sample, hundreds of chips were examined and their average electrical and optical characteristics are presented.




3. Results and Discussion


Optical microscope images of three different-size vertical-geometry LEDs (VLEDs) (size: 1280 × 1000 µm2, 1400 × 1400 µm2, and 1700 × 1700 µm2) with reference and ITO/Ag electrodes are shown in Figure 1. For the reference samples (Figure 1a,c,e), n-electrodes appear to be dark spots due to the opaque Ti/Al, whereas for the ITO/Ag-based samples (Figure 1b,d,f), there is almost no difference in the contrast because the ITO/Ag n-contact is the same as the underlying ITO/Ag p-reflector. To understand the effect of the number of n-contacts in the performance of vertical LEDs, the number of via holes (n-contacts) was varied from 25 (1280 × 1000 µm2) to 47 (1700 × 1700 µm2). Furthermore, the electroluminescence (EL) spectra at 350 mA of the VLEDs (1280 × 1000 µm2) with reference and ITO/Ag n-contact are displayed in Figure 1g. It is noted that both the samples show almost the same EL characteristic.



Figure 2 presents the I-V properties of fully packaged VLEDs as functions of n-contact schemes and chip size. It is shown that the forward voltage of the samples decreases with increasing chip size. For the reference samples, the forward voltage decreases from 3.38 to 3.20 V at 1500 mA, while the voltage of the ITO/Ag-based samples changes from 3.37 to 3.15 V. In addition, both the samples with reference and ITO/Ag contacts (1280 × 1000 µm2) showed the same series resistance of 2.3 Ω (below 100 mA). It is noted that regardless of chip size, the ITO/Ag-based samples produce forward voltages similar to the reference. This may be explained as follows. ITO is deposited by means of sputtering whose plasma process may damage the n-GaN, resulting in the generation of N vacancy and the effective removal of native oxide. This could improve the electrical property of n-type ohmic contact [22,23]. However, sputtering plasma could damage the electrical properties of p-GaN [24,25], resulting in an increase in the contact resistivity of p-type contacts and leading to high series resistance. Thus, the electrical property of p-type contacts dominates that of n-type contact and plays a dominant role in the forward voltages.



Figure 3 displays the light output-current relations of fully packaged VLEDs as functions of n-contact schemes and chip size. It is found that irrespective of chip size, the light output power of all samples increases with increasing current without saturation. Furthermore, the light output increases with increasing chip size. It is worth noting that regardless of chip size, the samples with the ITO/Ag contacts reveal higher light output power than the reference samples. For example, for the chip sizes of 1280 × 1000 µm2, 1400 × 1400 µm2, and 1700 × 1700 µm2, the ITO/Ag-based samples exhibit 2%, 2.5% and 3.4% higher light output power at 1500 mA than the reference samples, respectively. The higher output performance of the ITO/Ag-based samples can be explained as follows. Because of a large difference in the refractive indices of GaN and air, some amount of photons from the active region suffer from total internal reflection. These photons may be absorbed by opaque Ti/Al contact. However, for the ITO/Ag reflective contact, they can be redirected and extracted by the reflective Ag layer, leading to an increase in the light output. The volume fractions of the reflective regions (with reference to the whole active region) are estimated to be 90.9%, 93.6% and 94.6% for the Ti/Al-based samples with chip sizes of 1280 × 1000 µm2, 1400 × 1400 µm2, and 1700 × 1700 µm2, respectively, and 93.1%, 95.1% and 96.0% for the ITO/Ag-based samples (supplementary Figure S4). The volume fraction increases with increasing chip size and the ITO/Ag samples give higher volume fraction than the Ti/Al samples. Thus, the larger reflective region could result in higher light output. This can be confirmed by the light outputs of different-size VLEDs with the Ti/Al and ITO/Ag contacts at the same current density. For instance, for the chip sizes of 1280 × 1000 µm2, 1400 × 1400 µm2, and 1700 × 1700 µm2, the ITO/Ag-based samples produce 1.2%, 1.6% and 1.8% higher light output at 41~43 A/cm2 than the Ti/Al-based samples, respectively.



Figure 4 illustrates WPE of fully packaged VLEDs as functions of n-contact schemes and chip size. Regardless of n-contact schemes, the larger samples show higher WPE across the whole current range. Furthermore, irrespective of chip size, the WPE of all samples decreases with increasing current. However, the ITO/Ag-based samples undergo less degradation. For example, for the chip sizes of 1280 × 1000 µm2, 1400 × 1400 µm2, and 1700 × 1700 µm2, the ITO/Ag-based samples exhibit 2.3%, 3.1% and 4.8% higher WPE at 1500 mA than the reference samples, respectively. The WPE droop can be attributed to the combined effects of electron overflow, Auger recombination and Joule heating. It is shown that the overall current dependence is similar to that of light output power of the samples.



For thin film VLED structures, via holes for n-contacts are formed through the MQWs by dry etching, at which no photons are generated. The reference Ti/Al n-contacts having low reflectance absorb most of photons, whereas the ITO/Ag n-contacts effectively prevent the absorption of photons and could cause them to get extracted. Consequently, the n-contact regions appear dimmer than the surrounding area. Figure 5 shows plan-view light-emission and light intensity distribution images at 1.0 A obtained from the reference and ITO/Ag n-contact-based VLEDs (size: 1280 × 1000 µm2). As expected, the Ti/Al-based n-contacts appear darker than the ITO/Ag n-contacts, resulting in the non-uniformity of emission. This was further confirmed by line profiles, as illustrated in Figure 6, which were obtained from the regions (dotted squares) of the samples of Figure 5. The profiles show that the emission of the ITO/Ag n-contact regions is improved by 38.2% as compared with that of the reference (Ti/Al contact). So for the ITO/Ag-based sample, the ratio of the emission intensity of the active region (the surrounding area) and the contact areas is estimated to be 1.34. On the other hand, for the reference sample, the emission intensity ratio was 1.8. This indicates that the use of the ITO/Ag reflective n-contact effectively improves the emission uniformity. Here, the larger VLEDs (sizes: 1400 × 1400 µm2 and 1700 × 1700 µm2) are to show similar emission characteristics.



To examine the stability of packaged VLEDs with the ITO/Ag n-contact, the operation time dependence of the light output power was investigated. Figure 7 presents the light output power of fully packaged VLEDs (size: 1280 × 1000 µm2) with the reference and ITO/Ag-contacts as a function of operation time. The packaged samples that were attached to a heatsink were loaded into a chamber at 25 °C and stressed at current of 1.5 A. It is evidently shown that, like the reference sample, the ITO/Ag n-contact sample experiences no degradation after 1000 h. This implies that the ITO/Ag scheme can serve as a promising n-electrode for the fabrication of high-performance VLEDs for micro-LED-based display and vehicle headlamp applications.




4. Conclusions


The emission uniformity and light output of different chip-size VLEDs for VLED-based vehicle headlamp application were examined in terms of different n-type contacts and chip sizes. The forward voltage of both the samples decreased with increasing chip size from (1280 × 1000 µm2) to (1700 × 1700 µm2). Regardless of chip size, the ITO/Ag-based VLEDs revealed higher light output power than the Ti/Al-based reference samples. Irrespective of chip size, the WPE of all samples decreased with increasing current. However, the ITO/Ag-based samples suffered less degradation than the reference sample. It was observed that the ITO/Ag-based samples exhibited more uniform emission than the Ti/Al-based sample. Both the reference and ITO/Ag-based samples experienced no degradation after operation of 1000 h at 1500 mA. This implies that the ITO/Ag scheme can serve as a promising n-electrode for the fabrication of high performance VLEDs for vehicle headlamp applications.
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Figure 1. Optical microscope images of three different-size VLEDs (chip sizes of (a,b) 1280 × 1000 µm2, (c,d) 1400 × 1400 µm2, and (e,f) 1700 × 1700 µm2) with (a,c,e) reference and (b,d,f) ITO/Ag electrodes. (g) EL spectra of the VLEDs (1280 × 1000 µm2) with reference and ITO/Ag n-contact. 
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Figure 2. The I-V properties of fully packaged VLEDs as functions of n-contact schemes and chip size. 
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Figure 3. The light output–current relations of fully packaged VLEDs as functions of n-contact schemes and chip size. 
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Figure 4. The WPE of fully packaged VLEDs as functions of n-contact schemes and chip size. 
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Figure 5. Plan-view (a,c) light-emission and (b,d) light intensity distribution images at 1.0 A which were obtained from (a,b) the reference and (c,d) ITO/Ag n-contact VLEDs (size: 1280 × 1000 µm2). 
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Figure 6. Line profiles of the emission images from the reference and ITO/Ag n-contact VLEDs, which were obtained from the regions (dotted squares) of the samples of Figure 5. 
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Figure 7. The light output power of fully packaged VLEDs (size: 1280 × 1000 µm2) with the reference and ITO/Ag-contacts as a function of operation time. 
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