Structural and Optical Properties of Disc-in-Wire InGaN/GaN LEDs
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Abstract:
This study examines the role of the microstructure and optical properties of InGaN/GaN nanowire LED structures on Si (111) having different nanowire coverages. Cathodoluminescence (CL) measurements show that all samples exhibit broad emission around the intended energy, 1.95eV (635nm). While the absolute emission intensity is hard to compare for CL measurement, the bandgap emission (~3.4eV) coming from the GaN root is more pronounced as coverage of nanowires decreases, which has less coalescence formation. The width of the emission peak is likely due to variations in the morphology of the InGaN discs within the wires, as faceted layers with different thicknesses and quantum dots are observed by transmission electron microscopy. Non-epitaxial 6-fold symmetric lateral branching, called “nanocrowns,” emanate from stacking faults within the active regions. These features likely reduce optical emission as a result of grain boundaries between the nanocrown and nanowire.
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The development of light emitting diodes (LEDs) with a wide range of wavelengths has been a major focus of research for solid state lighting. Recently, the III-N materials system has become the most promising because its direct bandgap can cover a  broad spectral region ranging from near infrared to near -ultraviolet.[1] The issues with InGaN/GaN thin films are the large lattice mismatch and the lack of a native substrate that result in a high density of defects. In order to avoid the formation of strain-driven defects, researchers have fabricated III-N nanowires (or nanocolumns) that have high crystalline quality by using molecular beam epitaxy. [2- 12] The nanowires can be grown on a variety of substrates, including Si, and have emission wavelengths that can be tuned from ultraviolet to red by varying the In composition.[13] Nanowires are also beneficial because the radial strain relaxation during epitaxy reduces the polarization field and associated quantum confined Stark effect. [13] In addition, green-emitting disk-in-wires structures have Auger recombination coefficients that are up to 3 orders of magnitude smaller than those measured in InGaN/GaN heteroepitaxial bulk materials. [14] Recently, however, deep level electron and hole traps were identified that are believed to originate from dislocations and/or stacking faults arising from nanowire coalescence.[15] In this work, we examine the impact of the coverage of nanowires in order to determine the role of the microstructure on their optical emission.
GaN nanowires were grown on a Si (111) substrate using plasma-assisted molecular beam epitaxy (PA-MBE) as described previously. [16] The nanowire growth was initiated under N-rich conditions. Pure GaN nanowires were grown using a Ga flux of 1.46x10-7 Torr and 800 °C for 250 mins. The LEDs were designed to emit light at about 635 nm, and consist of 300 nm of n-type GaN grown at ~800 °C, followed by 8 periods of ~2-3 nm InGaN layers with a composition of nominally 53% (as determined from energy dispersive spectroscopy measurements of bulk sample), and separated by 12 to 15 nm GaN barriers grown at 545- 560 °C. The final capping layer included 200 nm p-type GaN grown at 700 °C. The Ga flux used for the growth of GaN regions in the nanowire LED heterostructure varied between 1.46 <FGa<1.94 x10-7 Torr, while the In flux used for growth of active region was approximately 8 x10-8 Torr but adjusted to maintain a flux ratio of approximately 43% (Table 1). The optical properties were examined via cathodoluminescence (CL) microscopy on a FEI Quanta FEG scanning electron microscope (SEM) equipped with a Gatan[footnoteRef:1] MonoCL4 at an accelerating voltage of 5kV.  The structures of the nanowires were studied using a JEOL 3011 high-resolution transmission electron microscope (HRTEM) at 300kV.  [1: Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the experimental procedure.  In no case does such identification 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 ] 

Figure 1 shows edge-on and plan-view SEM of nitride nanowires grown under various Ga and In fluxes (see Table 1). Sample A consists of pure GaN wires with an average areal coverage of 53%. The wires have a hexagonal cross section, as expected for PA-MBE of these structures [17] and have a diameter of 90±13 nm. Examination of the base of the nanowires shown in Fig. 1 shows that narrow wires form initially that coalesce into larger diameter wires with increasing length. Samples B-D are full LED structures grown under various Ga fluxes, which has the effect of altering the coverage of the wires, as seen in Table 1. In general, decreasing the Ga flux decreases the coverage of wires and increases their diameters. [20] For instance, decreasing the Ga flux from 1.94x10-7 Torr to 1.46x10-7 Torr, results in a decrease of the coverage of 72% to 30%, and increases the average nanowire diameter of from 84±12 nm to 140±14 nm.
Room temperature CL was used to determine the energy and spatial distribution of emission from the nanowires. The CL emission spectrum of pure GaN wires illustrates that the they emit at the expected wavelengths, 3.35 eV (370nm) attributed to the GaN band gap, [18] and at 2.21 eV (560nm) related to surface defects. [19] (See supporting information Figure.S1 and S2 for detailed information).  All LED samples exhibit broad CL emission around the expected emission energy. Sample B has the strongest emission at 1.95 eV (635 nm). This peak is not Gaussian and instead appears to be the sum of several peaks. A comparison of composite spatial CL and SEM images (Fig. 3) confirms that this emission originates primarily from the active region. Sample C also has a non-Gaussian peak centered on the target emission energy (Fig 2) that originates from the active region (Fig.3b). In addition, there is a weak peak at 3.35 eV (370nm) that is shown in Fig.3c to come from the n-type GaN layer. Sample D, which has the lowest nanowire coverage, also has emission at the 1.95eV (635nm) and most pronounced 3.35eV (370nm) peak. 
The width of the emission peaks is likely caused by varying layer thickness and/or In composition of the disks. Indeed, the In incorporation has been shown to vary as a function of the nanowire diameter. [21] Furthermore, In clustering in InGaN/GaN disk in well structures are well known. [22] Any of these cases can result in emission at multiple but comparable energies.
The variation of CL spectrum among these three LED nanowire samples can be seen as the combination effect of coalescence defects, which quenches the emission, and the absolute number of nanowires, which tends to boost emission. It needs to be pointed out that absolute emission intensity can be affected by the crystal quality and efficiency of light extraction, which makes direct comparisons problematic. Nonetheless, it can be seen that the relative intensity of GaN bandgap increase as the coverage goes down. There is no GaN bandgap emission for Sample B, weak emission for Sample C and strongest emission for sample D. A possible explanation for this is that coalescence during nanowire growth, and the accompanying defects, play an important role. The sample with highest nanowire coverage has the highest degree of coalescence, and thus the highest number of defects that act as nonradiative recombination centers that decrease the GaN bandgap emission.  Sample D, with lowest nanowire coverage, has strongest relative bandgap emission because of the low degree of coalescence. 
HRTEM was performed to characterize any defects within the nanowires and examine any thickness variation of the InGaN discs. TEM of GaN nanowires confirm that the nanowire bundles are comprised of narrow nanowires that coalesce into wider wires as they grow (See supporting information Figure. S3). In addition to the coalescence, stacking faults that span the entire width of the wire occasionally occur, and arise due to of variations in the interfacial energy at the growth front. [23] 
 Figure 4(a) and (b) contain dark field electron micrographs of two representative nanowires from Sample D. The diameter of both nanowires increases along their length via faceting of the sidewalls (indicated in Fig. 4) either due to the introduction of In or to the reduced growth temperature at this region. Figure 4a shows a nanowire that contains series of InGaN/GaN multilayers with aligned quantum dots running through the center of the wire. While it is well known that nanowires are highly efficient at relieving lattice mismatch strain, the amount of strain relaxation depends on the lattice mismatch and the diameter of the wire. For instance, it is expected that for a lattice mismatch of 5%, the mismatch between the InGaN and GaN layers in these structures, to be completely accommodated for nanowires less than 80 nm in diameter. [24] The average size of the nanowires studied here are on that order, or up to 75% larger (see Table 1). Therefore, it is likely that the dimensions of the wire alone cannot accommodate the strain, resulting in strain-driven quantum dot formation. 
Figure 4b shows a nanowire from Sample D that has faceted interfaces at the InGaN interfaces. This morphology is observed somewhat more often than the quantum dots. Thinner InGaN is observed on the facet faces (arrowed), with thicker InGaN on the basal plane in the center of the wire. Faceting has been previously reported in this system, both for pure GaN growth and for InGaN growth, [18] [21] [25] and arises to reduce the polarization at the surface.  The difference in the thickness between these layers occurs due to different growth rates on the two planes, and has been shown to result in distinct emission wavelengths in CL spectra. [26] The variation in thickness, and possibly composition, of the InGaN layers arising due to these different interfacial structures contribute to the shape of the CL peaks. It is likely that each of these features emits at slightly different energies, and that the observed peak is the sum of these contributions. However, because these features (faceted disks and dots) appear in all of the samples to some degree, it is difficult to determine precisely which energy is associated with which morphology. 
The lowest coverage wires (Sample D) also exhibit 6-fold symmetric pyramidal structures on their sidewall we call “nanocrowns” (see Fig. 1& Fig. 5a). But TEM shows that even the high-coverage samples exhibit nascent nanocrowns, suggesting that the formation of these structures does not depend on the Ga flux used, but instead proceeds as long as the sidewall is accessible. Figure 5b shows a nanowire from Sample C, and shows faceted nubs within the active regions. Figure 5c is a higher resolution image of one of the nubs, and shows that it is not epitaxial with respect to the nanowire. That is, the basal plane of the nub is oriented perpendicular to its axis, not in registry with the nanowire. There is a clear grain boundary between the nub and the nanowire, as indicated by dashed line in Fig. 5c. Figure 5d is a high resolution image of a nucleus on the sidewall taken from Sample D that is situated on stacking faults within the active region. There are several possible mechanisms for nanocrowns formations, including the faceting associated with stacking faults, the presence of In, or the decrease in growth temperature that alters the surface energy thus stabilizing the faces that bound the nanocrowns. 
The impact of the nanocrowns on the optical emission was studied using CL as well. Figure 6a shows an SEM micrograph of a nanocrown for a sample grown with a Ga Flux of 1.48 x 10-7 Torr and T=800 ºC, that shows a nanocrown. Figure 6b shows the corresponding 310 nm << 850 nm multiwavelength CL image and clearly demonstrates that the nanowire decorated with the nanocrown does not emit at all within the expected wavelength range. This indicates that the defects associated with the nanocrowns, most likely the grain boundaries, are a source of the deep electron and hole traps observed in temperature-dependent photoluminescence measurements. [15] It remains to be seen if these structures could emit light for larger nanocrowns, or by encapsulating them to form core-shell structures. A potential application of the nanocrowns could be to achieve horizontally interconnected nanowire arrays.

In summary, InGaN/GaN disc in wire LEDs emit at 1.95 eV (635 nm), but the intensity of the emission depends on the relative number of coalescence defects and the absolute number of emitting nanowires. TEM shows that the morphology of the InGaN layers varies from wire to wire, consisting of either quantum dots or faceted layers. This variation in the InGaN morphology likely results in the broad emission observed from the nanowires. TEM also shows that the nanowires also have stacking faults within the active regions, upon which a 6-fold finned structure referred to as “nanocrowns” may form. The nanocrowns themselves are not epitaxial with respect to the nanowire, but nucleate as separate grains on the nanowire sidewalls. The crowned nanowires are shown not to be optically active under room temperature, suggesting that the grain boundaries are a source of the deep electron and hole traps. 
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Table Captions: 
Table 1. Initial Ga fluxes for nanowires and LED samples with corresponding morphology corresponded.

Table 1.
	Sample
	Ga flux
	In flux
	Nanowire Morphology
	

	
	
	
	% Coverage
	Average Diameter（nm）

	A
	1.46e-7
	--
	53
	90±13

	B
	1.94e-7
	8.8e-8
	72
	84±12

	C
	1.64e-7
	8.3e-8
	46
	96±7

	D
	1.46e-7
	8.1e-8
	30
	140±14










Figure Captions: 
Figure 1. Edge-on and plane-view SEM images of InGaN/GaN nanowire LED structures grown at 800 ºC and with a Ga flux of (a) 1.46x10-7 Torr grown of pure GaN nanowire (Sample A). (b) 1.94 x 10-7 Torr (Sample B), (c) 1.64 x 10-7 Torr (Sample C) (d) 1.46 x 10-7 Torr (Sample D) with substrate temperature of 800 ºC. 

Figure 2. CL Spectrum of Sample B (black), Sample C (red) and Sample D (green). 

Figure 3. (a) Cross section over layered CL image (left) and SEM image (right) of InGaN disk-in-nanowire (Sample B). (b) Cross section over layered CL image (left) and SEM image (right) of InGaN disk-in-nanowire (Sample C). (c) Cross section over layered CL image (left) and SEM image (right) of InGaN disk-in-nanowire (Sample D). The scale bar represents length of 1 micron.

Figure 4. Dark field TEM image of InGaN disk in wire structures. (a) Strain-driven InGaN quantum dots with faceting (arrowed). (b) Faceted InGaN layers (arrowed)

Figure 5. (a) Low magnification bright field image of a nanocrown (Sample D). (b) Low magnification bright field TEM image of a nanocrown in its early stages of formation (Sample C). (c) High magnification bright field TEM image of the feature boxed in (b) the arrows point out the grain boundary between the nascent nanocrown and the nanowire. (d) High resolution bright field image of a nucleus that will develop into a nanocrown taken from sample B.

[bookmark: _GoBack]Figure 6. (a) SEM image of nanocrown and (b) CL image of same area for wavelength range from 310 nm to 850 nm.
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