ZnO Fin Optical Cavities
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ABSTRACT

Nanostructured semiconductors have shown great promise toward miniaturization of electrically driven semiconductor lasers. Previously, we reported on an electrically driven sub-micron size ZnO-GaN nanofin (fin) light-emitting diodes (LED) architecture that at high current densities showed a droop-free behavior and achieved lasing. In this work, we provide a deeper analysis of lateral ZnO fins as an optical gain medium and an optical resonator to better understand their unexpected performance. As a gain medium, its ultraviolet (UV) excitonic emission is explored, and contrasted with upright ZnO fins and bulk ZnO single crystal. Study of excitonic transitions in the range of 5 K to 383 K shows that bandgap of the lateral fin is nearly independent of temperature, while upright fins and bulk ZnO single crystal demonstrate significant bandgap decrease due to lattice dilation. Results show the efficiency of electron-hole (e-h) pair collection in lateral fins is directly dependent on the temperature, i.e., as the heterojunction temperature increases, more carrier confinement occurs within the fin. These observations are explained by the planar geometry of the lateral fin and its large interface with the GaN substrate that becomes advantageous in heat dissipation. Formation of resonance modes in lateral fins was analyzed using wavelength- and angle-resolved cathodoluminescence (CL) spectroscopy. Unique coherency and anisotropy in emission are observed due to light reflection from the internal sidewalls that appears as interference fringes. These fringes depend on the fin cavity height and, interestingly, are only observed for UV wavelengths of light. Results show ZnO due to its large exciton binding energy, and the fin-shape could be a great candidate both for enhancing the internal quantum efficiency, and realizing bright, small footprint cavities for LED and surface-emitting laser applications.  

Introduction

Miniaturized light-emitting diodes (LEDs) and lasers have witnessed great technological advances in recent years,1-3 due to the need for increasing the integration density, achieving faster optoelectronic devices, while reducing the operating power. The demand has been in emerging applications including intra-chip optical communication,4 sensing,5-9 visible-light optical communication,10 ultraviolet (UV) detection and disinfection11-12 to name a few. As efforts in miniaturization continue, photonic optical cavities at nano- and micro-scale have been heavily explored including vertical-cavity surface-emitting lasers,13-14 microdisk lasers,15-17 optically-pumped single nanopillar lasers,18-19 photonic crystal lasers,20 two-dimensional (2D) material nanolasers 21-22 and electrically-pumped nanopillar- and nanofin-based lasers.23-24 One of the main challenges that comes with a reduction in the cavity size has been a decline in the quality factor of the cavity. To compensate for this limitation, realization of a high optical gain medium within a small volume is highly desirable. Another competing challenge is the rapid temperature rise of the gain medium due to charge carrier injection. It has been estimated that beyond a current density of 100 kA/cm2, sub-micron lasers/LEDs can become structurally unstable.25 Heating also substantially increases the rate of non-radiative recombination of the excited e-h pairs in the gain medium. In planar LEDs, high current density, and high temperature cause efficiency droop, with ≈ 50% decline in the external quantum efficiency (EQE). 26-27 This efficiency decline manifests itself as a substantial optical loss in both excitonic and electron-hole plasma lasers at the micro- and nanoscale, limiting the realization of efficient, and high-speed surface-emitting laser diodes in the UV and shorter wavelengths.24, 28,29 
ZnO, a naturally occurring semiconductor, with a room-temperature (RT) bandgap of ≈3.37 eV is a promising material for optoelectronic applications. Similar to GaN, it crystallizes in the wurtzite structure, and with a close lattice match to GaN, it has been considered as a substrate for GaN growth.17, 30 Application of ZnO as gain medium and optical cavity has been of great interest for high-temperature applications due to its strong excitonic emission and large exciton binding energy of ≈60 meV relative to ≈24 meV in GaN.31-32 This characteristic has been the key in achieving a strong coupling between the gain medium emission and the optical cavity. Optically-pumped lasing has been reported in a variety of ZnO morphologies including single crystal thin films, micro- and nano-structures, and based on exciton–exciton scattering, electron-hole plasma emission31-34 or exciton-polariton coupling for low threshold lasers.35-37 For instance, in optical pumping of ZnO dodecagonal microrods, 38 or disks33 whispering-gallery-mode lasing has been observed using excitonic mode.33 At higher pump powers, electron-hole plasma lasing has been achieved due to the dissociation of excitons. 
In this report, we explore ZnO fin optical cavities with a width of less than 160 nm, a length of ≈ 5 mm to 10 mm and a height of ≈ 1 mm. We analyze the electron-hole recombination and emission characteristics of the gain medium, which is a type II ZnO-GaN heterojunction. An n-ZnO fin is epitaxially formed on p-GaN using a surface-directed lateral epitaxy.39 The excitonic emission of the heterojunction is discussed and compared to free standing fins as well as bulk ZnO single crystal. Spatial distribution of e-h recombination at the fin site and its surroundings in p-GaN is analyzed as temperature is varied from cryogenic to high temperatures. Results indicate that the excitonic oscillator strength of ZnO stays strong as the fin cavity temperature increases. These results are then complemented with the characteristics of electrically driven fin LEDs at low and high temperatures. Finally fins as optical cavities at UV wavelengths are analyzed. Results show an interesting trend in the efficiency of the fin shape heterojunctions in capturing e-h pairs compared to the conventional planar LEDs and nanopillar LEDs.

Materials and Methods

ZnO fins both lateral and upright were prepared using a modified surface-directed vapor-liquid-solid (VLS) growth process reported elsewhere. 39-40 Fins were grown on a GaN substrate that was coated with ≈10 nm of Au catalyst using a thermal evaporator. For the site-selective formation of fins, the GaN substrate was patterned for the generation of Au catalyst patterns using standard photolithography. ZnO growth was carried out in a horizontal tube furnace with 800 mm length and 49 mm inner diameter. The ZnO source in the tube furnace was a ZnO-Graphite mixture of 0.20 g (1:1 mass ratio) that was positioned at the center of a small quartz tube with 130 mm length and 19 mm inner diameter. This tube was then centered in the larger quartz tube. Growth was performed at 890 °C (with a ramp rate of ≈111 °C per minute) and a dwell time of ≈40 minutes under ≈0.5 standard liters per minute (SLPM) flow of (99.99 %) compressed N2 gas.
Temperature-dependent CL spectroscopy and imaging were performed in a conventional scanning electron microscope (SEM) operating at 5 keV accelerating voltage. Cryogenic one-dimensional (1D)-hyperspectral CL imaging was carried out using a MonoCL4[footnoteRef:2] system equipped with a helium-cooled stage. This system was also equipped with a photomultiplier tube (PMT) detector for CL imaging and a charge-coupled-device (CCD) camera for spectroscopy. CL images were collected both in panchromatic and monochromatic modes at specific wavelengths. CL measurements were carried out at a beam current of ≈ 0.2 nA and a working distance of ≈ 11.8 mm to maximize the signal-to-noise ratio. The detector array was calibrated for wavelength accuracy using mercury emission lines in UV and visible. The maximum wavelength uncertainty at UV wavelengths was ≈ 4 nm. A similar spectral collection setup was used to obtain the EL of fin LED pixels. For this purpose, the chip containing fin LEDs was placed in the SEM chamber and powered with an external power supply at a low current injection of ≈ 1 mA. For angle-resolved CL, the CL emission was analyzed using a Gatan Monarc Pro* equipped with wavelength- and angle-resolved CL (WARCL) capability.  [2:  Certain commercial equipment, instruments, materials, or software are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 


Results and Discussion

Lateral ZnO fins grow on the (0001) plane of GaN, along its m-directions.41-42 Figure 1a shows a group of fins as well as a marked fin section that was analyzed using CL hyperspectral imaging. The 5 keV electron beam excites the fin in a linescan mode (experimental section). The CL emission spectrum was sampled, every 32nd pixel at a 5 s/pixel dwell time. As seen in figure 1b (blue curve), at RT, the strongest emission of ZnO appears at ≈ 3.33 eV (≈ 373 nm), which is its near-band edge (NBE) emission accompanied with a lower energy emission peak at ≈ 2.257 eV (≈ 550 nm) (not shown) related to the mid-gap ZnO states. CL hyperspectral imaging on an upright fin, also in a linescan mode (marked area of Figure 1c), shows that its NBE (red curve) is red-shifted relative to the lateral fin. In this Figure, the CL spectrum of the bulk ZnO (≈ 3.301 eV, ≈ 376 nm) (black curve) stands closer to the NBE emission of the lateral fin. 
At 5.9 K, under the same excitation condition, the NBE emission of the lateral ZnO fin (Figure 1d, blue curve) slightly blueshifts to ≈ 3.36 eV (368 nm). According to the literature, this peak energy agrees with the donor-bound exciton (D0X) line at 3.363 eV43 that also coincides with the NBE emission (within the instrument resolution) of the upright fin and bulk ZnO single crystal, as seen in the figure. Interestingly, at 5.9 K, the typical narrowing of the full-width-at-half-maximum (FWHM) that we observe for bulk ZnO (≈ 110 meV) and upright fin (≈ 200 meV) is not seen for the lateral fin (≈ 258 meV). Moreover, the NBE emission of the lateral fin at 5.9 K (blue curve) shows a 2nd UV peak at a lower energy of ≈ 382 nm (3.250 eV). Energetically, the two UV emission bands of the lateral fin fall in the ionized- and neutral- donor bound excitons (D0X) region, i.e., the energy range from 3.355 eV to 3.375 eV. 44-46 The best fit to the low-temperature NBE spectrum of the lateral fin can be attained by three non-gaussian peaks (Figure S1) that are corresponding to three different emitting centers of ZnO, GaN, and ZnO-GaN interface. The appearance of the 2nd UV emission at 5.9 K and ≈ 0.098 eV below the 1st UV transition has not been observed in free-standing ZnO nanowires.47 
To better understand the excitonic transitions in the lateral fins concerning those in upright fins and bulk ZnO single crystal, we performed a series of temperature-dependent CL analyses. For a lateral fin as seen in Figure 2a, a distinction in the evolution of its NBE spectra is that as the temperature increases from 5.9 K to 298 K, the two UV peak positions nearly stay unchanged until ≈ 160 K to 180 K temperature range, where they start to merge. On the contrary, significant redshifts of ≈ 0.135 eV and 0.091 eV are, respectively, observed for the upright fin (Figure 2b) and bulk ZnO single crystal (Figure 2c). Furthermore, in the lateral fin, the FWHM of the NBE emission stays nearly unchanged, whereas those for upright fin and bulk ZnO crystal show noticeable broadenings with temperature rise. The increased broadening is due to an increase in the electron-phonon coupling48 as well as dissociation of bound excitons (trapped by shallow defect states in the bandgap), which manifests itself through the disappearance of the fine excitonic overtones49 (Figure 2c) as lattice temperature increases.
In semiconductors, it is shown that the temperature-dependent bandgap decrease is related to lattice dilation and a shift in the relative position of the conduction and valance bands due to an electron-phonon interaction.50 Interestingly, in Figure 2d, this dependence is found to be very small for the lateral fin (red and pink circles) relative to the upright fin (green) and bulk ZnO (black). This redshift is also shown to depend on the pressure-dependent bandgap shift, the thermal expansion coefficient, bulk modulus, and its phonon spectrum.48 These are properties that are strongly affected not only by the film thickness, but also by the properties of the substrate and its interface with the epilayer. In this regard, the bandgap decline and redshift of the lateral fin fitted using the Varshni model50 in Figure 2d is compared with the redshift observed in a thin film ZnO with a thickness of < 200 nm (red curve).51 As seen, the lateral fin data are close to those for the ZnO thin film, whereas the upright fin data are closer to the bulk ZnO shift. In explaining this agreement, we believe that a lateral fin with its short height, and elongated footprint is very similar to a thin film that has a large interface with the underlying substrate. This structural feature allows a more efficient heat transfer to the GaN substrate (relative to an upright fin) and a faster temperature equilibrium with the surrounding during the fin LED operation. This structural feature allows a more efficient heat transfer to the GaN substrate (relative to an upright fin) and a faster temperature equilibrium with the surrounding during the fin LED operation. 
The origin of the 2nd UV peak is linked to the ZnO-GaN interface formed during the ZnO lateral epitaxy on GaN. For this purpose, we spatially compared the 5.9 K CL emission of the lateral ZnO fin with that of p-GaN using 1D-hyperspectral CL imaging. Here the electron beam (at 5 keV) scans over the lateral fin and GaN surface in a linescan mode (Figure 3a, inset). When the excitation beam is on the GaN surface, the 5.9 K hyperspectral CL image (Fig. 3a) shows three fine emission lines marked as #1, 2, 3 (red arrows). When the excitation beam reaches the ZnO fin, these emission lines are more pronounced. The overlay of the representative CL emissions of ZnO fin and p-GaN substrate is shown in Figure 3b. These results are in agreement with the spectral features previously observed in thin ZnO films epitaxially formed on GaN.52In both GaN and ZnO, peak #1 in the CL image is due to a D0X (a bound exciton) recombination, while peak #2 is a donor-acceptor pair (DAP) recombination and peak #3 is its phonon replica.43 We think, in the DAP transition of ZnO at 3.29 eV (red curve), the donors are in the ZnO, while the acceptors (Mg at the Ga site) are in the GaN (close to the heterointerface). As such the recombination site is within the acceptor-to-donor distance. This is likely due to the significantly larger concentration of the Mg acceptor centers in the p-GaN, which is approx. 1000 times more than the acceptor centers in the unintentionally n-doped ZnO.53 The redshifts observed in peak #2 and 3 of ZnO fin (the 2nd UV peak) relative to those of GaN could be related to the energy difference between the donor states in ZnO and GaN. Markedly, at zero bias, we observe 5 times increase in the brightness in the emission of ZnO relative to the GaN region indicating a more effective e-h recombination in the ZnO fin. These findings are in agreement with our previous EL measurements that showed at low bias, a partial e-h recombination took place in the GaN side that at higher forward biases shifted to the ZnO fin.39 
During electrical injection into the n-ZnO fin/p-GaN heterojunction at forward biases, the minority charge carriers (holes) are injected to the n-ZnO side of the heterojunction resulting in an EL emission. The typical EL spectrum of a lateral fin (Figure 1d, green curve) shows two bands at ≈ 370 nm and ≈ 380 nm that are in good agreement with its CL at 5.9 K (Figure 1d, blue curve). The EL UV peaks are redshifted relative to the 5.9 K CL spectrum, respectively, by ≈ 0.034 eV and ≈ 0.014 eV. The redshift is due to the junction heating as a result of the current injection.47 The agreement in the room temperature EL and CL at 5.9 K is a strong indication of the survival of ZnO excitonic emissions even to room temperature. It also shows the high quality of the ZnO fins and the absence of defect states that can become active at RT and provide pathways for radiative or non-radiative recombination.
To better understand the impact of heat on the excitonic emission of the fin under electrical bias, we investigated the temperature-dependent EL of a lateral fin LED in the temperature range of 5.9 K to 383 K. In this experiment, within the SEM chamber, the fin LED was biased at a low injection current of ≈ 1 mA. At 298 K (Figure 4a, black curve), we observe 370 nm and 380 nm UV emissions due to the carrier recombination in the ZnO fin, where the 2nd emission band is more pronounced.  A lower energy band centered at ≈ 414 nm is also observed that is assigned to the radiative transition of GaN conduction band electrons to the Mg2+ shallow acceptors (Fig S2). When the fin LED temperature was reduced to 270 K (Figure 4a, red curve), the ZnO UV emission declined, while the emission originated in p-GaN at ≈ 414 nm increased in intensity. Monitoring intensity of the ZnO and GaN emissions (Figure 4b, black and red dots, respectively) between 300 K to 6 K show how the e-h recombination increases on the p-GaN side (red dots) as the temperature is reduced, while on the fin side, it stays weak and nearly flat (black dots). In figure 4c, for the temperature range of 298 K to 390 K, as the temperature increases, the ZnO emission intensity increases relative to that of p-GaN, indicating an enhancement in the efficacy of the fin in capturing the e-h pairs at high temperatures. Summarizing these observations, results show that as the temperature is increased, the fin acts as the active region of the device in capturing charge carriers. Interestingly this is in contrast to the behavior of quantum wells in the active region in planar LEDs, where the charge carrier confinement improves at lower temperatures.54 Previously, for a fin LED, we showed that as the current injection level increases, the electron-hole recombination rate increases in the fin, while non-radiative Auger recombination is suppressed due to the fin shape.23 These results demonstrate the superior performance of fins at higher temperatures and higher current densities that could be useful for the realization of high-temperature LEDs and lasers.
To understand the coupling of ZnO UV excitonic emissions with the optical cavity of the lateral fin, the wavelength- and angle-resolved CL (WARCL) technique was used to simultaneously reveal any wavelength and angular anisotropy present in the emission. For this purpose, a lateral fin sample was set at the focal point of a paraboloidal mirror, which is used to collect photons generated in the sample after the electron beam excitation. In this study, the analyzed segment of the lateral fin (Figure 5a) was ≈ 755 nm in height and ≈ 220 nm wide at the base. The SEM image of Figure 4b shows this horizontally oriented segment (marked red) along with its corresponding CL image (Figure 5c). The emitted light from the backplane of the paraboloidal mirror was captured in 150 increments, followed by projection on the entrance slit of a spectrograph. The entrance slit was used to select a horizontal subset of angles resulting in a two-dimensional (2D) spectrum along the axis corresponding to the emission angle. 55 Figure 5d is a 2D spectrum, the angled-resolved CL image at 380 nm, collected from the paraboloidal collection mirror (the dark spot represents the hole in the mirror for passing the electron beam). Each point in the image relates to a unique emission direction of the light as it is emitted from the specimen. The WARCL output, displayed in Figure 5(d-e), exhibits a dark line across the horizontal direction corresponding to the apex of the fin structure. The reduced emission in the direction normal to the substrate is a consequence of ZnO-vacuum interface refraction imposed by the wedge shape. In Figure 5(d-e), interference fringes (shown with white arrows) were observed directed prominently along 90° azimuth for polar angles greater than 45°, orthogonal to the fin. Fringes were not observed for the 270° azimuth due to the sample geometry. The interference fringes are due to the reflection of light from the internal fin facets. In Figure 5d, the center of the fringes lies at approximately 98 ° from the substrate surface normal. The interference fringes observed from the facets of the fin are consistent with the emission from the ends of a nanowire.56 Figures 5(d-e) also show that the lateral fin operating at UV wavelengths of ≈380 nm and ≈388 nm shows the CL emission coherence and an emission anisotropy that is not seen at ≈550 nm (Figure 5f). At UV wavelengths, the fringe patterns vary in position with wavelength as they have a wavelength-dependent group velocity away from the surface normal. The observation of cavity modes at short wavelengths is in agreement with the previous simulation of cavity modes and lasing wavelngths.23 
Fin height and its tapering are other important structural parameters of the cavity that impact the formation of fringes. Figure 6 shows a group of lateral fins formed from an Au catalyst micropattern. Fin height typically is the highest toward the catalyst site and shortest toward the leading end of the fin. In spots 1-6, probing fins with different heights using WARCL showed a clear dependence between fin height and the fringe pattern formation. For instance, probing a single fin toward its short end at spot 1, the interference patterns (representing the cavity quality) are suppressed (Figure 6-1), while on the taller side of the fin, spot 2, with a height of ≈ 1.1 mm, the cavity fringes become more pronounced (Fig 6-2). This trend is also observed in other spots (3-6), where only tall segments result in a discernable anisotropy in emission (spot 6). Finite-difference-time-domain (FDTD) modeling of a tapered fin, (Figure 7a-b) with ≈ 18 ° tilt, shows among the 5 facets of a fin, most of the light is extracted from the tall end facet of the fin (6.2%) and its top facet (7.7%). Results also show the light extraction efficiency (LEE) drops to 1.6% at its short end facet (Table S1). Light incident on any interface above the total-internal reflection (TIR) angle either stays confined within the fin or is trapped within the GaN slab, but due to geometrical anisotropy of the fin structure, any light hitting an interface below the TIR angle is extracted into free-space. In the current design and in the absence of any external mirror or reflectors around the fin, ≈ 18% (± 3%) of the light is emitted from the fin facets and the rest is trapped within the GaN slab. By reducing the tapering slope to 9 ° (Figure 7b) and 0 ° (Figure 7b), the light extraction from the top facet increases, however, the overall LEE nearly stays unchanged reaching ≈18 % and 18.5 %, respectively. In contrast to an upright nanopillar, the planar geometry of a lateral fin could be advantageous as it offers two end facets as reflective mirrors along its long axis for the formation of an optical cavity. Overall, the ZnO lateral fin shows two novel properties including a bandgap energy that is nearly temperature independent and an e-h hole pair collection efficiency that improves at high temperatures. These properties combined with the large exciton binding energy of ZnO can further explain the observation of stimulated emission and lasing in electrically driven lateral fins,23, 39 where fin temperature can reach more than 300 °C.
Conclusion
An interplay between the electronic emission and light propagation within a ZnO fin cavity was discussed. Remarkably, the NBE emission of the lateral fin and its bandgap energy are nearly temperature-independent, whereas, in the upright fins, we observe a noticeable bandgap decline similar to that of the bulk ZnO single crystal. The small bandgap reduction with temperature in lateral fins is advantageous for the design of optical cavities for high-temperature applications. The spectral agreements between the room temperature EL and excitonic emissions in low-temperature CL show the absence of lower energy recombination pathways and the low concentration of lattice defects in the lateral ZnO fin. A lateral fin becomes more effective in the confinement of e-h pairs as temperature increases and less effective as the temperature reaches about 5 K. Angle-resolved CL analysis shows a pronounced emission coherence and formation of interference fringes on the taller side of the fins. The strong ZnO excitonic emissions at ≈ 370 nm - 380 nm as a gain medium lead to a buildup of resonance modes at UV wavelengths within the fin that agrees with our previous results on observation of stimulated emission and lasing. These results further highlight the richness of electro-optical properties in fin-shaped semiconductors.
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Figure 1. a) SEM image shows top view of 4 lateral ZnO fins on (0001) p-GaN. b) CL spectra (at RT) of a lateral fin, upright fin, and bulk ZnO single crystal. c) Upright ZnO fins grown on (0001) p-GaN. d) Low-temperature CL spectra of a lateral fin, upright fin, and bulk ZnO single crystal are overlaid on EL of a fin (at RT). In parts a and c, the red line represents the analyzed area using 1D-hyperspectral CL imaging. The scale bar is 2 mm.
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Figure 2. Temperature-dependent CL spectroscopy of lateral fin, upright fin, and bulk ZnO single crystal at an acceleration of 5 keV. a) NBE emission of a lateral ZnO fin from 5.6 K to 295 K. Two UV bands merge at ≈ 160-180 K. b) NBE emission of an upright ZnO fin from 11 K to 300 K. c) NBE emission of bulk ZnO single crystal in the range of 10 K to 295 K. d) Redshift in the NBE peak corresponding to band gap decrease with temperature for lateral fin, upright fin and bulk ZnO single crystal. This data is compared with the bandgap shift in thin film ZnO (red curve) [Ref. 48]. It also shows the agreements of the results with the fitted curves according to the Varshni model.
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Figure 3. a) A 1D-hyperspectral CL image obtained at 5.9 K from a linescan over a lateral fin/GaN at 5 keV. The CL image allows high resolution spatial comparison of ZnO fin with GaN. Inset shows the position of the linescan relative to the fin (plan view). On GaN, three peaks appear (red arrows) that become brighter on the ZnO fin. b) Representative CL spectra obtained from dataset (part a) show three prominent peaks (D0X and DAP) in the ZnO fin and GaN substrate.     
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Figure 4. a) (Black curve) EL spectrum of a fin LED under 1 mA of current load at 298 K. Two UV peaks associated with transitions from the ZnO NBE states appear at 370 and 380 nm. (Red curve) At a lower temperature of 270 K, the UV EL emissions decline, and the p-GaN emission at ≈ 413 nm rises. b) The peak intensities of EL emission of ZnO (370 nm) and p-GaN (413 nm) are plotted versus temperature. b) The GaN emission is dominant at 10 K. As fin temperature increases to 298 K, the GaN emission declines. c) Above 298 K, the GaN emission continues to decline, whereas the ZnO UV emission becomes dominant.  
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Figure 5. a-b) SEM images of the lateral fins and c) their unfiltered CL image. The region indicated in red is used for subsequent WARCL analysis. (d-f) WARCL data for wavelengths (d) 380 nm ± 1 nm, (e) 388 nm ± 1 nm, and (f) 550 nm ± 1 nm extracted from 3-dimensional data construct at 380 nm ± 1 nm. The fringe pattern is seen in the top part of the images in (d) and (e) and highlighted with white arrows. The fringe centroid at 98 ° is schematically marked in (d). In part (e), the yellow color signifies the higher UV emission at 388 nm. Interference fringes are shown with white arrows and appear along 90° azimuth for polar angles greater than 45°.
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Figure 6.  Secondary electron (SE) image(left) shows plan view of lateral fins grown from a gold catalyst micropattern. Angled-resolved (AR) CL emission of fins at spots 1 to 6 are shown in images 1-6. For taller fins (> 1 mm), the interference fringes are stronger. In images 1, 2, and 6, fringes are clearly observed. 














[image: ]

[bookmark: _Hlk97715140]Figure 7. FDTD simulation of light extraction from a fin LED viewed from the long side of the fin. The intensity distribution is at 370 nm, which is excited using a dipole oriented randomly at the ZnO-GaN junction. Graphs a, c, and d represent fins along their long axis, respectively, with tapering angles of 18, 9, and 0 degrees. Graphs b, d, and f show their corresponding cross-sections. Dimensions are specified in the graphs. Tapered ZnO (refractive index= 2.10) fin is 160 nm x 1.7 mm x 5 mm. GaN (refractive index= 2.40) slab size is 7 mm x 1.7 mm x 7 mm.
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