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Abstract

:

We report the growth and characterization of thick, completely relaxed {11-22}-oriented InGaN layers using epitaxial lateral overgrowth (ELO). Although it was difficult to grow ELO-InGaN layers on patterned GaN templates, we succeeded in growing ELO-InGaN layers on a patterned InGaN template. The full width at half maximum of the X-ray rocking curve of ELO-InGaN on the InGaN templates was less than that of non-ELO InGaN. The photoluminescence intensity of InGaN/GaN multiple quantum wells on ELO-InGaN was approximately five times stronger than that on the {11-22} GaN template.
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1. Introduction


Light-emitting diodes (LEDs) with very high external quantum efficiencies (EQEs) have been developed based on advancements in LED fabrication technologies. The EQEs of LEDs with different wavelengths in the visible light region (from purple to red) have been improved, with record efficiencies being reported [1,2,3,4,5]. There has also been an increasing demand for laser diodes (LDs) with longer emission wavelengths [6]. In particular, GaN-based LEDs have attracted increasing attention as promising materials for optoelectronic device applications. InGaN-based multiple quantum wells (MQWs) are typically used as an active layer in such devices and are grown on a thick GaN template layer or a GaN substrate. However, the major factors that prevent the realization of high-performance devices are the large internal electric field [7] and the generation of misfit dislocations caused by the large lattice mismatch between the GaN template and InGaN active layer [8]. One of the most promising routes for realizing high-efficiency, longer-wavelength LEDs and LDs based on InGaN is the use of a thick underlying layer composed of an InGaN ternary alloy with a low defect density that can reduce the lattice mismatch between the template and active layer. For this reason, the fabrication of thick c-plane InGaN layers has been of considerable interest [9,10,11,12]. In addition, the relaxation effects of InGaN [13,14,15] and pseudomorphic InGaN layers [16] have been reported. However, the crystalline quality of the InGaN layers currently produced is insufficient for the above purpose. Furthermore, from the viewpoint of the fabrication of high-quality InGaN layers grown on GaN, the c-plane is not suitable. This is because a very rough surface with a high dislocation density, consisting of {10-11} or {11-22} planes, is formed after the relaxation of the InGaN layer grown on the c-plane of GaN. The growth of the InGaN layer on the {10-11} or {11-22} planes is a potential solution to this problem because these planes are stable at lower growth temperatures [17]. In addition, they are stable after relaxation, where the relaxation mechanism of these planes was reported by Tyagi et al [18]. However, the generation of misfit dislocations is a crucial setback when nonpolar or semipolar planes similar to the c-plane are used because of the large lattice mismatch between GaN and InGaN [19,20]. Epitaxial lateral overgrowth (ELO) on {10-11} or {11-22} surfaces has emerged as a promising technique for preparing the InGaN layers required for the above-mentioned applications. There are very few studies reporting the ELO of InGaN, for example, on the m-plane InGaN layer [21,22]. Therefore, it is important to investigate the ELO of {10-11}- or {11-22}-oriented InGaN layers in order to understand the growth mechanism of InGaN. In recent years, many researchers have explored red LEDs using a relaxed [9,10,23,24] or semi-relaxed [25,26] InGaN underlayer on the GaN or coherent InGaN underlayer using a ScAlMgO4 substrate [27]. In particular, nitride-based red LEDs have attracted much attention for micro-LEDs [28,29,30]. The EQE of nitride-based red LEDs is significantly lower than those of the blue and green LEDs; the highest EQE of red LED is 4.5% [1,3,31]. Previously, EQEs of 1% and 3% were obtained by Eu doping and using InGaN underlayers, respectively [32,33]. The efficiency of red LEDs is gradually increasing, but further improvement is still needed. The requirements for a relaxed InGaN indicate that it is also important to investigate the potential of a relaxed nonpolar or semipolar InGaN template.



In this study, we focused on the growth of {11-22} InGaN layers as templates to incorporate the InGaN MQWs, which, in turn, were used to fabricate LEDs. We report the growth of a completely relaxed and thick {11-22}-oriented InGaN layer with a high crystalline quality and a smooth surface using the ELO method for use as a thick underlying layer.




2. Experimental Methods


A semipolar {11-22} GaN template on an m-plane sapphire substrate was prepared. The GaN layer was grown on the m-plane sapphire substrate by the hydride vapor phase epitaxy. Ammonia (NH3) and GaCl, mixed with purified H2 and N2 carrier gases, were used as the nitrogen and gallium sources, respectively. The reactor pressure was maintained at 98.5 kPa during the growth of the GaN layer. The NH3 gas was introduced during the ramping process, and a nitridation process was carried out for 20 min before the growth of the main GaN layer, which was grown using an NH3/HCl ratio of 10. A growth temperature of 1100 °C was used. The threading dislocation and stacking fault (SF) densities of the semipolar {11-22} GaN template on the m-plane sapphire substrate were of the order of approximately 1010 cm−2 and 105 cm−1, respectively [34]. The full widths at half maxima (FWHMs) of the X-ray rocking curves (XRCs) for the symmetric 11-22 reflection with the azimuth of the X-ray parallel to the <10-10> and <11-23> directions of the GaN template were 1679 and 1116 arcsec, respectively. Next, InGaN layers were grown by metal-organic vapor phase epitaxy (MOVPE). NH3, trimethyl gallium (TMGa), and trimethyl indium (TMIn) were used as the nitrogen, gallium, and indium sources, respectively. The flow rates of TMGa, TMIn, and NH3 were 71.9 μmol/min, 48.9 μmol/min, and 0.38 mol/min, respectively. The InGaN buffer layer was grown with a V/III ratio of 3100 at atmospheric pressure. Nitrogen gas was used as the carrier gas. The thicknesses of all the base layers were approximately 2 μm. The In content of the InGaN buffer layer was changed by varying the growth temperature from 700 to 850 °C. In the case of ELO, InGaN layers were regrown on the various templates. There were no differences in the regrowth procedures of the different samples, especially with regard to the flow rates of ammonia, hydrogen, and nitrogen used prior to the regrowth. For the growth of the MQWs, the thicknesses of the GaN (or InGaN) barrier layer and InGaN well layer were set as 16 nm and 3 nm, respectively. A buffer layer such as the InGaN/GaN superlattice is important to improve the LED performance, but there was no buffer layer beneath the MQWs. The degrees of relaxation of the different InGaN templates were investigated by reciprocal space mapping (RSM), which was performed using X-ray diffraction (XRD) analysis. All of the InGaN templates were completely relaxed. Photoluminescence (PL) spectra were excited using a He-Cd laser at room temperature (RT), and the spectra were recorded by a spectrometer.




3. Results


3.1. Characterization of the {11-22} InGaN Layer


First, we characterized the InGaN layers grown on the {11-22} GaN templates, which were obtained at growth temperatures from 700 to 850 °C, with different In contents. Figure 1 shows the images of the epilayer surfaces obtained by differential interference contrast microscopy (Nomarski microscopy). When the growth temperature was 700 °C, many large hillocks were generated on the smooth surface of the GaN base layer. The migration of Ga atoms is considered to be insufficient below a specific temperature, which in this study was 700 °C, resulting in the formation of hillocks. This can also be attributed to the supersaturation of the In molecule toward nitrogen, induced by the low growth temperature, thereby forming an inversion domain, which was observed in the {11-22} GaN layer [35]. On the other hand, the surface morphology was quite smooth when the growth temperature exceeded 750 °C. We confirmed by XRD and RSM analyses in our previous study that a perfectly relaxed InGaN layer could be formed even at the lowest In content of 2% [36,37]. The relaxation mechanism of the InGaN layers was investigated as follows. First, the on-axis RSM of the 11-22 diffraction was observed. We obtained XRD spectra for both the azimuths of the X-ray beam incident along the [-1-123] and [1-100] directions. The crystal properties of {11-22} InGaN varied in the plane depending on the direction of the incident X-ray because of its anisotropy [38,39,40]. The relaxation of {11-22} InGaN can be attributed to the misfit dislocations along the dislocation line parallel to the m-axis. Therefore, the fully relaxed {11-22} InGaN tilts toward the [-1-123] direction from the GaN layer [41]. This offset indicates a macroscopic tilt in the crystal lattice of the InGaN layer and is observable in RSM when the incident X-ray beam is parallel to the [1-123] axis. This result demonstrates that {11-22} InGaN is relaxed if the Qx values of {11-22} InGaN differ from those of GaN. The RMS results showed that all of the samples grew fully relaxed.



The In content was determined from the XRD results according to Vegard’s law, and the relationship between the In content and growth temperature is shown in Figure 2. The optimization of InGaN growth was not performed. The InGaN layers prepared with the In content of less than 18% exhibited a smooth surface. We have previously analyzed these samples by transmission electron microscopy (TEM). When the In content was low, few misfit dislocations existed at the interface between InGaN and GaN, and they did not form threading dislocations. However, a high density of misfit dislocations was generated in the InGaN layers prepared with high In content. We also carried out the ELO of InGaN with an In content greater than 10%; however, we did not succeed in growing a smooth InGaN layer. Thus, to maintain the quality of the InGaN layers and high migration of Ga, the ELO of InGaN was carried out at In contents of less than 6% in this study.




3.2. Epitaxial Lateral Overgrowth of InGaN on the GaN Template


For the ELO of InGaN, a trench-patterned {11-22} GaN template with a SiO2 mask on the terrace was prepared initially, as shown in Figure 3. Striped patterns were formed along the m-axis, parallel to the <11-23> direction, to reduce the formation of SFs by ELO. Here, the InGaN layer is believed to have grown from the sidewall, which is called sidewall ELO. The trench and groove widths were both 2 µm. A growth temperature of 800 °C was used for the ELO of the InGaN layer.



Figure 4 shows the cross-sectional and the plan-view scanning electron microscopy (SEM) images of the InGaN layers at the initial stage of growth and after coalescence. During the initial stages of growth, an undulating surface morphology oriented toward the <11-23> direction was observed. The InGaN growth occurred on both the sidewalls of the GaN template. Furthermore, the InGaN nuclei formed on the SiO2 stripe masks. A smooth surface was not obtained after coalescence because of the above-mentioned anomalous growth on the masks. Two kinds of anomalous morphologies were observed: one was hexagonal and the other was an inclined c-plane crystal, as shown in Figure 4d. The hexagonal morphologies are believed to have originated from the nucleation observed on the SiO2 mask in the initial stages. RSM was performed to elucidate the origin of the inclined c-plane crystal.




3.3. Epitaxial Lateral Overgrowth of InGaN on an InGaN Template with a SiO2 Mask


For the ELO of InGaN with better surface morphology, a trench-patterned {11-22} InGaN template with a SiO2 mask on the terraces was prepared, as shown in Figure 5. Similar striped patterns, with trench and groove widths of 2 µm, were formed on the GaN template along the m-axis. The thicknesses of all the base layers were 2 μm, which corresponded to the thickness of the InGaN template, in order to expose the underlying GaN layer. Therefore, the sidewalls were composed of only the InGaN layers. A growth temperature of 800 °C was used for the ELO of the InGaN layer, which was the same as the growth temperature of the base InGaN layer. The growth conditions including the growth time were identical to those of the trench-patterned {11-22} GaN template.



Figure 6 shows the cross-sectional and plan-view SEM images of the InGaN layers at the initial stage of growth and after coalescence. At the initial growth stage, there was no nucleation on the SiO2 mask on the InGaN template. The InGaN growth occurred on both the sidewalls of the InGaN template, in a manner similar to the growth on the patterned GaN template. In the semipolar and nonpolar growths, -c-plane growth promoted the generation of stacking faults. A smooth surface was obtained after coalescence. For the regrown InGaN layer, the film thicknesses were 3.6 μm and 2.5 μm from the trench top and bottom to the surface, respectively. The XRC-FWHMs for the symmetric 11-22 reflection with the azimuth of the X-ray parallel to the <10-10> and <11-23> directions of the sample were 1328 and 796 arcsec, respectively. These values were lower than those of the materials grown on the GaN template (1679 and 1116 arcsec, respectively). Thus, it appears that the crystallinity can be improved by adopting the ELO technique for semipolar {11-22} InGaN layers.



The drastic differences observed in the growth modes of ELO-InGaN on the patterned GaN and InGaN templates were caused by the greater incorporation of In on the patterned InGaN template than on the patterned GaN template due to the compositional pulling effect of In. The higher incorporation of In suppressed the parasitic nucleation on the mask. Thus, a smaller lattice mismatch promoted the ELO of InGaN layers. Our hypothesis regarding the nucleation on the stripe mask is as follows. The partial pressures of Ga and In species in the gas phase over the mask were almost the same at the initial stage of regrowth on InGaN. However, when the In incorporation in the InGaN layer on the InGaN sidewall was greater, the In species on the mask could be reduced because of the different concentration gradient of In in the gas phase. Consequently, the static state of the In species in the gas phase could differ between the GaN and InGaN templates. Alternately, there is a possibility that in the case of regrowth on the patterned GaN template, the nucleation of InGaN on GaN is partially impaired because of the differences in the lattice constants. As a result, the probability of nucleation on the mask is higher than that on the InGaN stripes.



To investigate the crystalline quality of the ELO-InGaN layer based on the optical properties, we recorded the PL spectra. Figure 7 shows the PL spectra at RT of the InGaN layers grown on the planar GaN template and stripe-patterned InGaN template with SiO2 masks. As can be seen in the figure, the PL intensity of ELO-InGaN on the stripe-patterned InGaN template with the SiO2 mask was approximately five times higher than that of the InGaN layer grown on the GaN template. Thus, the effect of ELO on the improvement in the crystalline quality was confirmed. The FWHMs of the PL spectra of the ELO-InGaN layers were greater than those of the InGaN layers on the GaN template, which confirmed the ELO and the change in the In content during ELO. The ELO-InGaN layer was relatively flat, but the In content was 0.5% higher than that of the InGaN template, which can be attributed to the greater incorporation of In during the growth of InGaN toward both the [11-2-3] and [-1-123] directions, similar to the {10-11} plane. The five-times-stronger emission intensity of the ELO-InGaN layer, at approximately 415 nm, was due to the ELO, which improved the crystal quality of the InGaN layer. In addition, a void structure was formed in the layer, which could slightly enhance the light extraction. These account for the higher emission wavelength of the ELO-InGaN template [42,43,44]. The PL spectrum of the ELO-InGaN layer was composed of two peaks at 415 and 470 nm. The peak at 470 nm was considered to be a deep level emission; however, the 470 nm peak was present at a smaller wavelength than the equivalent yellow luminescence observed in GaN. We believe that this emission is not due to (11-22), but could be caused by a plane that appears at ELO, which is neither the c-plane nor (11-22), because it is more prominent at ELO. The mechanism has not yet been fully understood and further investigation should be conducted.





4. Discussion


We succeeded in growing high quality ELO-InGaN layers using a patterned InGaN template. In this section, we compare the optical properties of InGaN/GaN MQWs grown on the GaN and ELO-InGaN templates. Here, the two ELO-InGaN layers were grown at different temperatures while the other parameters were identical. The growth temperatures of these InGaN layers were the same for the base and regrowth layers; for the ELO-InGaN layers with 2% and 6% In composition, the growth temperatures were 850 °C and 800 °C, respectively. Both the trench-patterned InGaN base layers had the same structure as in Figure 6. The thicknesses of both the regrown ELO-InGaN layers were almost the same. In other words, the two InGaN templates were considered to be equivalent in performance except for the In composition. We prepared the ELO-InGaN layers with In contents of 2% and 6%. Figure 8 shows the RT-PL spectra of the InGaN/GaN MQWs grown on the GaN and ELO-InGaN templates. The intensities of the MQWs grown on the ELO-InGaN layers with In contents of 2% and 6% were approximately five and three times stronger than that of the MQWs grown on the GaN layer, respectively. These results indicate that there was a marked improvement in the crystalline quality due to the presence of ELO-InGaN layers. The peak wavelengths of the MQWs on the GaN template and InGaN templates with In contents of 2% and 6% were different due to the In pulling effect. The peak wavelengths of the MQWs grown on the GaN layer and InGaN layers with In contents of 2% and 6% were 493, 501, and 517 nm, respectively. We also calculated the In content of the InGaN well layer based on the peaks present in each PL spectrum. We employed the modified Vegard’s law including the linear interpolation and quadratic term based on a bowing parameter, obtained from previous studies [45]. The In contents of the InGaN well layers in the InGaN/GaN MQWs on the GaN template and InGaN layers with In contents of 2% and 6% were estimated to be 21.9%, 23.0%, and 25.0%, respectively. When the In content in the InGaN template was higher, the lattice mismatch between the MQW and InGaN template was smaller. The higher intensity of the MQWs on the ELO-InGaN layers resulted from the high-quality ELO-InGaN template and suppression of the generation of dislocations and SFs between the InGaN and the MQWs. The emission wavelength increased with an increase in the In content in the InGaN template because of the higher In content due to the efficient In pulling effect in the MQWs.




5. Conclusions


We report the growth of a completely relaxed and thick {11-22}-oriented InGaN layer using the ELO technique. We succeeded in growing an ELO-InGaN layer on a patterned InGaN template. However, it was difficult to fabricate high-quality ELO-InGaN layers on patterned GaN templates. The number of high-density dislocations decreased as the In content decreased. The XRD analysis indicated that the ELO of the InGaN layer should be carried out on relaxed InGaN templates. The FWHM of the 11-22 reflection parallel to <10-10> of ELO-InGaN in the XRC was smaller compared to that of the non-ELO InGaN grown on the {11-22} GaN template. The intensities of the MQWs grown on the ELO-InGaN layers with In contents of 2% and 6% were approximately five and three times higher than that on the GaN layer, respectively. Future research will involve evaluating the SFs of the ELO-InGaN layers and TEM analyses of the dislocation behavior within the layers.
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Figure 1. Nomarski images of InGaN layers with different In contents grown on the {11-22} GaN templates at (a) 700, (b) 750, (c) 775, (d) 800, and (e) 850 °C. 
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Figure 2. The relationship between the In content and growth temperature. 






Figure 2. The relationship between the In content and growth temperature.



[image: Crystals 12 01373 g002]







[image: Crystals 12 01373 g003 550] 





Figure 3. A schematic illustration of the trench-patterned {11-22} GaN template with a SiO2 mask on the terraces. 
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Figure 4. Cross-sectional and plan-view SEM images of the {11-22} InGaN layers grown on the GaN template at a growth temperature of 800 °C, at the initial stage of growth (a,b), and after coalescence (c,d). 
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Figure 5. A schematic illustration of the trench-patterned {11-22} InGaN template with a SiO2 mask on the terraces. 
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Figure 6. Cross-sectional and plan-view SEM images of the {11-22} InGaN layers grown on the InGaN template at a growth temperature of 800 °C, at the initial stage of growth (a,b), and after coalescence (c,d). 
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Figure 7. The PL spectra of the {11-22} InGaN layers grown on the planar GaN template and stripe-patterned InGaN template with SiO2 masks. 
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Figure 8. The PL spectra of the {11-22} InGaN/GaN MQWs on the GaN and ELO-InGaN templates. 
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