Impact of fin aspect ratio on enhancement of EQE in single AlGaN fin LED pixels
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Abstract
Previously, we showed within a sub-micron fin shape heterojunction, as current density increases, the non-radiative Auger recombination saturates mediated by the extension of the depletion region into the fin, resulting in a droop-free behavior. Here, we investigate the dependence of the fin aspect ratio (height to width ratio) on external quantum efficiency (EQE) of single n-AlGaN fin/p-GaN heterojunctions. Fins are arranged in an array format varying in width from 3000 nm to 200 nm. In this architecture, n-metal contact is interfaced with the non-polar side facet of the fin. At a fixed current density, as aspect ratio increases from 0.2 to 3 (fin width reduces), we systematically observe an increase in the UV excitonic emission of the AlGaN fin and a 7x enhancement in the EQE. We explain this phenomenon by conserving the volume of the carrier depletion region within a fin. As the fin gets thinner, the base area of the depletion volume shrinks, whereas its height increases within the fin. This geometrical advantage allows a 200 nm wide fin to operate at 1/3rd the current density compared to a 3000 nm wide fin while generating a UV emission with a comparable power of 1 mW. These findings show additional parameters that can be used for developing brighter light sources including the shape and aspect ratio of a heterojunction at the micro- or nano-scale. 
Text
Light-emitting diode (LED) pixel miniaturization in III-nitride-based materials is driven by the growing demands in a wide range of applications, including micro-display,1,2 sensing,3 visible light communication,4 photonic applications1,5 as well as a combination of photonics with silicon nanoelectronics for high-performance processors.6,7 These technologies require adequately bright light sources while maintaining low power consumption. A wide variety of electrically pumped nanoLED pixels containing single nanopillar and/or group of nanopillars have been demonstrated in the Ultraviolet (UV) to Near-IR range. 8-18 An important issue is that as the LED pixel size reaches below a few microns, its two digit EQE value reaches a few percent16 and it significantly declines in sub-micron scale LEDs. For example, the latest measurements on the EQE of single nanopillar InP-based LEDs emitting at approx. 1500 nm shows values in the range of 10-4 or lower.19 The EQE value reduces even further as we reach shorter UV wavelengths in nanoscale AlGaN LEDs as Al concentration increases.20 The extremely small EQE values in these nanostructures do not agree with their high internal quantum efficiencies (IQEs) of 50 % and more,21 as well as their large light extraction efficiencies (LEE).22,23 Part of this limitation has been the small cross-section of the metal-semiconductor interface for current injection. The extent of this interface is one of the main causes of the early onset of nanoLED heating, i.e., temperature droop, and very low efficiency.24 So far, using the nanopillar-based LED architectures, measurements show a rollover in the EQE, and efficiency droop is observed. 25 ZnO fin LEDs with a nanoscale dimension of about 160 nm have shown some advantages relative to nanopillars in suppression of non-radiative Auger recombination at high current densities.26 Larger semiconductor fins with microscale dimensions have also become of interest for improving the LED efficiency, due to their large nonpolar- and semipolar surface areas and the ability to reduce their dislocation densities.27,28 In this work, we investigate wide bandgap fins from micro- to nanoscale and look into the impact of the fin shape and its aspect ratio on the collection of e-h pairs and the EQE. Optimizing the fin LED geometry might yield more efficient devices that also possess the advantages of micro-LEDs and nanopillar LEDs.
n-Al0.07Ga0.93N fins of approx. 600 nm height were formed by etching an n-doped Al0.07Ga0.93N epitaxial layer on p-GaN. The layer was a 600 nm thick (Si dopant concentration of 3 x 1018 cm-3) grown on 2.5 mm thick p-GaN (Mg2+ dopant concentration of 5 x 1017 cm-3). This was grown on a 2 mm undoped GaN over a 5 cm diameter sapphire wafer. To etch out fins, the n-AlGaN epilayer was patterned with different size rectangular features using electron beam lithography. The AlGaN etch process included a Cl2-based Inductively Coupled Plasma etching recipe, followed by a wet etch using a hot tetramethylammonium hydroxide (TMAH) solution. The AlGaN fins were etched such that their long axis aligns with the AlGaN as shown in Figure 1a. An etched fin is bound by two large non-polar side facets, two small end m-facets  and a top polar (0002) face. Single fins were formed in an array format such that their width increased from 200 nm to 3000 nm at lengths of 10 mm, 20 mm, or 30 mm.
Referring to Figure 1b, each pixel has a single AlGaN fin that receives the electrical current using its non-polar side facet.29 In this process, the top and one of the side facets of the fin are passivated with approx. 200 nm of silicon oxide (grey layer) to electrically isolate the n-metal (orange layer). To achieve this, the oxide layer is deposited at an angle via a thermal deposition process. Figures 1(c-d) represent examples of 200 nm and 3000 nm wide AlGaN fins that are coated with the oxide and n-metal layers. The n-metal layer has a 270 nm thickness including Ti (40nm)-Al (80 nm)-Ti (30 nm)-Au (120 nm) that is thermally deposited on the non-polar side facet of an n-AlGaN fin shown with a red arrow. The last step is the deposition of the p-metal contact made of Ni (30 nm)-Pd (80 nm)-Au (100nm) on p-GaN. Thermal annealing at 550 °C was carried out for 5 min under a nitrogen atmosphere to improve contact quality. Using this approach large arrays of fins can be integrated to LED pixels. The fin LED pixels were then wire bonded to a chip carrier for the electro-optical measurements.  
Figure 2a shows a series of electroluminescence (EL) spectra collected from a 1.5 mm wide n-Al0.07Ga0.93N fin at 293 K under pulsed operation. At each current, the pixel was operated at a 2% duty cycle (50 ms pulse), while the emitted light was received by a spectrometer with a 0.15 nm spectral resolution for a duration of 60 s. Starting with a low injection current of 10 mA, we observe two narrow UV emission bands (black arrows) at 352 nm (3.52 eV) and 366 nm (3.39 eV) with a 130 meV energy difference. It is noted that the intensity at the short wavelength side of the spectrum may be significantly reduced due to self-absorption by the fin structure before being extracted to the free space. A broad peak centered at 410 nm (orange arrow) is also observed, which is attributed to the e-h recombination in the p-GaN due to the donor - Mg acceptor recombination. In Figure 2b, the EL emission is compared with the hyperspectral cathodoluminescence (CL) emission of individual n-Al0.07Ga0.93N fins. The CL emission at 298 K (orange curve) shows a UV peak at 342 nm (3.63 eV). This peak is the near band edge (NBE) emission of the fin that at 8.5 K (black curve) blueshifts to 334.7 nm (3.707 eV). The NBE emission, based on its energy position falls in the donor-bound or donor-acceptor pair excitonic transitions of AlGaN.30 Referring to the inset of this figure, graphing the NBE spectrum on a logarithmic scale, a small peak (dark arrow) at 345 nm (3.594 eV) appears on the low energy shoulder of the NBE peak. This peak is 113 meV below the intense NBE and is likely to be its phonon replica. The UV CL emission lines have much higher energies to be originated from the donor-acceptor recombination in the p-GaN. However, the broad faint CL emission at 440 nm at 298 K is attributed to the transitions from the mid-GaN gap defect and impurity states. We attribute the two narrow UV EL bands of Figure 2a to excitonic transitions in the AlGaN fin. Both 366 nm and 352 nm EL emission lines rise in intensity at higher current densities, indicating an increase in the e-h recombination in the AlGaN fin. Both UV peaks have comparable linewidths and are narrower relative to the broad p-GaN emission at 410 nm. Moreover, both UV EL emissions redshift as current injection level increases (Figure 2a), which is related to the fin heating. In contrast, the 410 nm EL emission shows a different behavior, namely, it blueshifts to 403 nm and loses its intensity as current increases to 35 mA. Due to the similarities in the spectral behaviors of the 352 nm and 366 nm peaks, we think they are both originated in the AlGaN fin and different from the 410 nm emission in the p-GaN. 
The emitted light from each pixel, i.e., the off-chip total spectral radiant flux (TSRF) of a fin LED pixel was measured by placing the chip in front of an integrating sphere with an aperture size of 16 mm (supporting information). These measurements were used to calculate the wall-plug efficiency and the EQE values. Referring to Figure 2c, the EQE values are graphed for fins with 200 nm, 400 nm, 1000 nm, and 3000 nm widths that show no rollover in the EQE as the current injection increases. Interestingly, the 200 nm and 3000 nm wide fins show the largest and smallest EQE values in this group, while fins widths of 400 nm and 1000 nm show intermediate values. For current density calculations in fins using a traditional pn junction model, the active region is parallel to the heterointerface, which is comparable to the base area of the fin. At higher current densities, as recombination region shifts into the AlGaN fin, the active region becomes tilted and more comparable in size to the interface area of the n-metal contact with the fin side. We used the latter for estimating the current density. Using this approximation, the electrical injection area was defined as the n-metal/semiconductor interface area, which is about 4.25 x 10-8 cm2 (8.5 mm x 0.5 mm). In EQE calculations, for all studied pixels, it was assumed that their light extraction is similarly influenced by the n-metal contact (discussed later) uniformly influencing the EQE values. In Figure 2c, interestingly, the 200 nm fin pixel (grey curve) ends at about 780 kA/cm2 (40 mA) due to overheating, while this threshold increases for thicker fins. As discussed later, this effect is most likely proportional to the width of the fin rather its length.    
To better understand the observed trend in the EQE, in Figure 3, we analyze the EL spectral evolution as current density and fin aspect ratio vary. Figures 3(a-c) show the optical images of the representative pixels of 200 nm, 1000 nm and 3000 nm wide fins with a 10 mm length. In Figure 3d, the TSRF spectra (total output power) versus current density are shown in columns. At low injection levels, for the 3000 nm wide fin, the emission at 410 nm appears (red line). As we increase the injection current along the column, the UV emission appears (blue line). Moving in a row from the 3000 nm wide fin toward the smaller diameter fins, i.e., as the aspect ratio increases from 0.2 to 3, we observe two interesting trends: first, the overall EL intensity increases (total output power). Second, the UV emission band becomes more pronounced relative to the 410 nm emission. Results show that the 200 nm fin has an advantage for generating UV emission. For instance, at 30 mA it has an output power comparable to that of a 3000 nm wide fin that is operating at 90 mA. Additionally, the emission linewidth is narrower for the 200 nm fin as its temperature is lower. The spectral redshift is seen in all fins, an indication of their temperature increase. The largest (smallest) redshift is observed for the 200 nm (3000 nm) wide fins (red arrows), respectively, which is attributed to their smaller thermal masses relative to the wider fins (to be published elsewhere). At 40 mA, the EL spectrum shows suppression of the UV emission, due to the pixel overheating.



We compare the EQE values of a larger number of pixels in figure 4 and at a current density range of 390-600 kA/cm2 (i.e., 20-35 mA). The general trend is an increase in the EQE as fin width decreases. Comparing the EQE of 200 nm to 3000 nm wide fin pixels, we obtain an average enhancement factor of 7. This enhancement could be due to the larger LEE in the smaller diameter fins or their larger IQE relative to the wider fins. Light extraction modeling using finite-difference time-domain (FDTD) simulation shows the 200 nm fins have a LEE twice as high as the 3000 nm wide fins (19 % vs. 9 %, respectively). By adding the 270 nm thick n-metal contact over the fin (schematic of Figure 5a), the FDTD results show that the LEE reduce by approx. 70 %. In this case the light, dominantly, comes from one fin side (left image) and its two ends (right image). On the other hand, comparable IQE values of about 0.001 are obtained for the 200 nm and 3000 nm wide fins based on the CL intensity ratios at room-temperature and 8 K (reported elsewhere). Therefore, an improved LEE and IQE in thinner fins cannot explain the observed 7x EQE enhancement. Our results suggest that there is a third possibility and that is the impact of the fin aspect ratio on the e-h pair collection efficiency. We explain this phenomenon by the formation of a depletion volume at the interface of the fin and GaN with a finite base area and height. A physical model depicted in Figure 5(b-c) is described to explain this behavior. The depletion region in the p-layer (light pink) is approximated by a planar section (d) and two round edge regions (radius of dp). The depletion region in fin (cyan color) has a length of da. Establishing the charge neutrality condition at the interface leads to: , and , where n is the electron density in the fin active region, p is the hole density of the p-layer, and  (Equations above are valid when , where H is the fin height). As seen, da increases in narrower fins, for the fixed values of n. This is the enhancement effect in the IQE and, therefore, EQE, which is also observed in our results. In other words, a higher aspect ratio fin is equivalent to a fin that is under a higher current load/potential, while a smaller fraction of the injected electrons escapes to the p-GaN. This advantage allows a 200 nm fin pixel to generate a UV emission with a power (above 1 mW) at about 1/3rd of the driving current that is required in a 3000 nm wide fin pixel. More work is needed to determine the limitations of this design, however, the current improvement in the EQE is, architecturally, defined by two factors: the height of the fin, H, and an increasing entry resistance as the fin diameter d decreases.
In conclusion, we measured and compared the EQE of a series of single AlGaN fin LED pixels as the fin aspect ratio increases from micro- to nanoscale. The EL of AlGaN fins shows two main emission bands in the UV (at approx. 352 nm and 366 nm) and a blue band at 410 nm. Results show the fin width reduction and an increase in the fin aspect ratio are equivalent to a fin LED pixel under a higher injection current but without an increase in the non-radiative Auger recombination rate that typically occurs at high current densities. The simple n-AlGaN fin on p-GaN allows a large LEE of approx. 19 % in the UV range and the wide fin side facets allow forming significantly larger areas for electrical injection. The base of the fin forms an elongated interface with the substrate permitting better and faster heat dissipation. The enhanced UV emission in the higher aspect ratio fins is expected to impact the design of large size and nanoscale LEDs with higher brightness capable of reaching higher operating temperatures.
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Figure Captions:
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Fig. 1. (a) Tilted view of a 200 nm wide n-AlGaN fin formed on p-GaN  via an etch process. The fin length is 10 mm. (b) Schematic shows the pixel cross section. Fin, silicon oxide, and n-metal  layers are shown with white, grey and orange, respectively. Micrographs of the actual pixels: (c) 200 nm, and (d) 3000 wide fins. Different device layers are labeled. Green and red arrows represent side facets interfaced with oxide and n-metal, respectively.
[image: ]
Fig. 2. (a) EL spectra of pixel #9-3 containing a 1.5 mm wide fin and 30 mm length at 293 K. (b) CL spectra of a fin at 8.5 K (dark) and 298 K (orange) overlayed on the 293 K EL spectrum at 20 mA(blue). Inset: the 8.5 K CL emission on a log scale with the two marked UV peaks. (c) EQE graphs of single AlGaN fins with 200 nm, 400nm, 1000 nm, and 3000 nm fin widths. Fin length is 10 mm.
[image: ]
Fig. 3. (a-c) Optical images show a plan view of 10 mm long AlGaN fin LED pixels with 200 nm, 1000 nm, and 3000 nm fin width. (d) The corresponding EL spectral are presented in three labeled columns. At a given row, the fin aspect ratio increases from right to left. The UV emission increases and the p-GaN emission declines.  
[image: ]
Fig. 4. EQE values of 12 pixels identified with #pixel (fin width, length) including #1-1 (200 nm, 10 mm), #1-3 (200 nm, 30 mm), #3-2 (400 nm, 20 mm), #3-3 (400 nm, 30 mm), #4-1 (500 nm, 10 mm), #4-2 (500 nm, 20 mm), #5-3 (750 nm, 30 mm), #8-1 (1000 nm, 10 mm), #8-3 (1000 nm, 30 mm), #13-3 (3000 nm, 30 mm), #14-3 (3000 nm, 30 mm), and #14-1 (3000 nm, 10 mm). The trend shows an average increase of 7 times in the EQE by decreasing the fin width. The error bar represents the variation in the pixel output power by repeating measurement of a given pixel. 
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Fig. 5. (a) Cross section of a single fin LED; metal (yellow) and oxide (green) layers viewed from the fin end. The red dash lines 1 and 2 are the side and end detector planes, respectively. In the left image, detector 1 monitors the FDTD calculated near E-field in the y-z plane from side of a 200 nm AlGaN fin on GaN. The red box represents blocked part of the outgoing light by the metal electrode. In the right image, detector plane 2 monitors the calculated E-field in the x-y plane from the fin end. Qualitative profile of the fin active region or the depletion region (cyan color) for a wide (b) and narrow fin (c) under zero bias. The depletion region in the p-layer is shown with light pink. 
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