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Abstract 
 
The ability to fabricate organized, dense arrays of GaN nanostructures with high aspect ratios is of great 
interest for improving light extraction and absorption in optoelectronic devices, such as light-emitting diodes 
(LEDs) and Lasers.  
However, achieving this requires a patterning method that allows for the fabrication of GaN nanostructures 
with a controlled final shape and specific crystallographic facets. Our study shows that a top-down approach 
combining lithography and Cl2-based plasma etching processes offers the possibility of anisotropically 
transferring a pattern while revealing smooth nonpolar facets. 
Although GaN etching in Cl2 is driven by ion-enhanced chemical etching mechanisms, the chemical 
component is very strong, and Cl2 plasma leads to preferential crystallographic orientation etching of GaN. 
The mechanisms that drive facet formation are very similar to those involved in wet KOH etching. The 
etching ability of a specific crystallographic plane by chlorine atoms depends on the planar density and the 
N dangling bonds present on the plane. Predictably, GaN crystallographic planes will be etched in Cl2 
plasmas as follows: a-type semipolar > m-type semipolar planes > a nonpolar plane > m polar planes > c 
polar planes. Crystallographic etching usually reveals the slowest etching planes, meaning the m-planes. 
However, consistently with the wet mechanisms, our study shows that the final revealed plane in Cl2 plasma 
will strongly depend on the surface curvature: in concave surfaces, fast-etch facets persist, while in convex 
surfaces, slow-etch facets persist. Consequently, Cl2 plasma etching of pillars (convex surfaces) will result 
in a-type facets, while etching of holes (concave surfaces) result in m-type facets. 

 
1. Introduction 
 
Currently, GaN-based light emitting diodes (LEDs) are the leading technology for solid-state lighting [1]. 
Compared to conventional thin film LEDs, GaN-based nanorods [2–4] offer several potential advantages, 
including a reduction in crystalline defect density [5] and improved light extraction efficiency due to their non-
planar geometry [6]. 
 
Most promisingly, core-shell light-emitting devices are expected to be a breakthrough development in solid-
state lighting [6–9]. In this approach, the emissive quantum wells are grown on the entire sidewalls of the 
nanowire, which are closely aligned with nonpolar planes. In addition to the advantages of the 3D geometry, 
this architecture provides: i) an increase in the emissive surface area compared to a planar structure by a 
factor of about four times the nanowire aspect ratio [2], and ii) an improvement in internal quantum efficiency 
(IQE) by avoiding piezoelectric polarization and associated electric fields (Quantum-confined Stark effect) 
through regrowth on high-quality nonpolar facets [10–13]. 
Therefore, the ability to fabricate organized, dense arrays of GaN nanowires with high aspect ratio is of great 
interest for the next generation of devices, such as core-shell light emitting diodes.  
The array of GaN nanowires can be obtained through a bottom-up approach (using molecular beam epitaxy 
[14,15] or metal-organic vapor phase epitaxy [8,9] self-organized growth) or a top-down approach (a 
combination of lithography and plasma etching steps) [16–20]. 
 



The advantage of the top-down approach is that it offers more flexibility in creating arrays of nanowires with 
different shapes, dimensions, and densities on a wafer scale. However, plasma patterning is known to cause 
damage and rough surfaces, which prevent high-quality surface regrowth [21,22] while the regrowth of the 
quantum wells on the nanowire sidewalls for core/shell emitting structures is favored if m-oriented facets are 
present. 
One of the greatest challenges in patterning high aspect ratio GaN nanowires is achieving high GaN-to-
mask etch selectivity while maintaining high-quality etched surfaces. Most studies addressing this etch 
selectivity issue use Ni-based hard masks obtained by lift-off lithography, since they offer high selectivity for 
deep GaN etching (>15) [16–18,23]. However, for certain applications, the use of metal masks may not be 
desired due to potential contamination and hard mask roughness issues [22]. For industrial applications, the 
use of dielectric masks is preferred. One group demonstrated the feasibility of fabricating ultra-deep etching 
of GaN pillars with a SiO2 dielectric mask and GaN/SiO2 selectivities over 20 under several chemically driven 
etch conditions [19,20,24]. 
Regarding plasma chemistries, all studies converge on the point that chlorine plasmas (pure Cl2 or Ar/Cl2) 
are the most suitable for deeply etching GaN with high etch rates (200-500 nm/min) [16–20,23], and minimal 
surface defects and roughness when compared to plasmas with BCl3 or SiCl4 additives [25–27]. Another 
interesting aspect of chlorine-based plasmas for etching GaN pillars is that they apparently lead to 
preferential crystallographic orientation. Several authors have highlighted that under certain conditions, 
nonpolar a-plane facets appear during GaN pillar etching in Cl2 [19,20,28]. However, the mechanisms 
responsible for these facets are still unclear. Gaining a better understanding of GaN faceting during plasma 
etching could have significant implications for a wide range of optoelectronics and photonics applications. 
For instance, when targeting core-shell LED emitters, the presence of nonpolar m-planes is preferred after 
pillar patterning to facilitate the regrowth of quantum wells by Metalorganic vapour-phase epitaxy (MOVPE) 
on the sidewalls. 
 
In this study, we bring some new understanding into the mechanisms that lead to crystalline facet formation 
during GaN etching in Cl2 plasma. To address this issue, we patterned arrays of high aspect ratio GaN 
nanowires (AR > 10) with SiO2 hard masks and using a Cl2 plasma process. Well-defined hard mask shapes 
(hexagonal or circular) whose edges are perfectly aligned with the m or a crystalline planes of the underneath 
GaN are used to evaluate if the shape of the mask with respect to the crystallographic GaN plane could 
have a role in the Cl2 plasma etching mechanisms. Our results show that the mechanisms that drive facet 
formation in Cl2 plasma are very similar to those involved in wet KOH etching. 
 
2. Experimental setup 

2.1. Sample preparation 

Micro-pillars are fabricated using a commercial 4-inch c-sapphire substrate, on which a 4 µm-thick (0001) 
Ga-polar GaN layer is grown. An 800 nm-thick SiO2 hard mask (HM) is deposited on the GaN layer using 
Plasma Enhanced Chemical Vapor Deposition (PECVD). Then, we dice the wafer into small coupons 
measuring 1.1 by 0.7 mm. An electron-sensitive resist (ma-N 2410) with a thickness of 800 nm is spin-
coated on the coupons and patterned using electron beam lithography (EBL). The patterns consist of dots 
with hexagonal or circular shapes, with diameters (inscribed circle) ranging from 0.25 to 2 µm, and three 
different densities (space between dots of 2 µm, 5 µm or 15 µm, also referred to as dense, semi-dense, and 
isolated) (cf. Fig. 1). The hexagonal dots have two orientations corresponding respectively to a-planes and 
the m-planes of GaN with ±1 ° precision (cf. Fig. 1-b). 

 



 

Figure 1. a) Design of the lithography pattern where D is the diameter of the dots varying from 0.25 to 2µm and S the space 
between the dots varying from 2 to 15 µm. b) Shapes of the dots, could be hexagonal oriented with a- or m- planes of the GaN or 

circular. 

2.2. Plasma etching reactor and processes 

The etching experiments were conducted using a Centura 5200 etch platform from Applied Materials, which 
comprises three plasma reactors [29]. First, we thermally glued GaN samples onto a 200 mm carrier wafer 
using silicone-free thermal paste (Type 1977-DP) from Techspray. Then, we opened the SiO2 hard mask 
using Magnetically Enhanced Reactive Ion Etching (MERIE) with an Ar/C4F8/O2 plasma. This plasma 
process ensures a SiO2/resist etch selectivity of 1.7. Finally, we stripped the resist using an O2 plasma, with 
a SiO2 carrier wafer being used for both these steps.  

For the GaN etching step, an Inductively Coupled Plasma (ICP) reactor (Decoupled Plasma Source, DPS, 
from Applied Materials) is used with a Cl2 plasma (190 sccm), a pressure of 25 mTorr, a source power of 
400 W, and a bias power of 140 W (corresponding to a VDC of -450 V). The chuck temperature is maintained 
at 55 °C, and a SiN carrier wafer is used for this step. The GaN etching process is monitored in real-time 
and stopped at the end of the process using an endpoint system that utilizes interferometry with a Xenon 
lamp providing wavelengths from 200 to 800 nm (EyeD from Verity instrument). After GaN etching, buffered 
oxide etch (BOE) wet solution is used to remove the hard mask layer. 

2.3. Characterization 

A FEI Helios-450s Focused Ion Beam Scanning Transmission Electron Microscopy (FIB-STEM) is used to 
image the pillars after the different steps of dry and wet etching.  

In-situ Energy Dispersive X-ray spectroscopy (EDX) analysis has been performed on thin lamellae prepared 
using the dual beam system. An in-situ micromanipulator is used to extract the lamella and place it on a 
copper grid for the thinning process and observations. The following observation parameters were used: 3 
kV and 50 pA for Scanning Electron Microscopy (SEM) images to avoid charging effects, 29 kV and 50 pA 
for STEM images, and 20 kV and 1.6 nA for EDX analysis. 

3. Experimental results and discussion 
3.1. Hard mask opening optimization 

The first part of the experimental section aims to draw attention to the importance of controlling the hard 
mask opening step for GaN pillar etching in chlorine plasma. In the MERIE reactor, there is no endpoint 
detection system, so the process is stopped based on time. The process time was previously estimated by 
calculating the etch rates of SiO2 film deposited on Si and exposed to the HM opening process. A process 
time of 170 s was estimated to etch the 800 nm thick HM layer. The HM opening is then followed by the O2 
stripping plasma in the MERIE reactor. As shown in Fig. 2-a, the HM profiles obtained are quite satisfactory 



and could be used to etch the GaN pillars at first sight. However, the GaN pillars etched with this HM opening 
strategy have some strange defects, such as a collar appearing in the middle of the profile, regardless of 
the Cl2 plasma conditions investigated (cf. Fig. 2-b). Further investigations into the hard mask opening 
strategy helped us better understand the reason for these defects. 

 

 

Figure 2. a) Hard mask profile after the hard mask opening step. b) Pillar after the GaN etching in Cl2 plasma presenting a collar. 

FIB-STEM and EDX analyses were carried out after the HM opening and stripping step, revealing a 
consumption of the GaN layer of approximately 50 nm, accompanied by some redeposition on the HM 
sidewalls (cf. Fig. 3-a). Further investigations indicated that two mechanisms were involved: i) the HM 
opening step was too long and not selective on GaN, inducing GaN consumption of around 30 nm and a 
first layer of redeposits, ii) the energetic O2 stripping of the MERIE reactor added another 20 nm of GaN 
consumption and redeposits. EDX analyses shown in Fig. 3-b revealed the presence of Ga in the deposition, 
indicating that the GaN was sputtered on the HM sidewalls by line of sight deposition. Based on those 
observations, the HM opening processing time was properly adjusted to avoid GaN consumption. Moreover, 
as the ion energy is hardly controllable in the MERIE reactor, the O2 stripping step was achieved in the ICP 
reactor using an O2 plasma with no bias applied to the wafer. With those two optimized steps, a small GaN 
consumption of 2 nm and redeposition of 4 nm was observed (cf. Fig. 4-a). Using the optimized hard mask 
processing, the GaN pillars were then etched with the Cl2 plasma. Fig. 4-b clearly shows no collar. The thick 
Ga-based deposition layers formed on the HM sidewalls with the non-optimized HM patterning were clearly 
identified as responsible for the collar. At the beginning of the Cl2 process, they acted as a masking material. 
But, as they were less resistant to the Cl2 plasma than the SiO2 HM, they were rapidly consumed and 
introduced a micromasking all around the pillar, creating the collar. 

 



 

Figure 3. Lamella collected after the initial hard mask opening and stripping steps. a) STEM image showing the damage in the 
GaN layer and the redeposits on the hard mask sidewalls. b) EDX analysis (20 kV, 1.6 nA) showing the Ga rich composition of the 

redeposits. 

 

 

Figure 4. Improvement of the hard mask opening and stripping steps illustrated by: a) STEM image of a lamella collected after the 
hard mask opening and the stripping showing no GaN damaged and redeposits. b) SEM image of pillar after the GaN etching 

showing the absence of collar. 

3.2. GaN etching in Cl2 plasma 

Fig. 5 shows the profiles of pillars with diameters of 0.25 µm, 0.5 µm, and 2 µm, which were etched with the 
m-oriented hexagonal hard mask using our optimized Cl2 plasma process before and after BOE. The GaN 
etch rate for this process is around 145 nm/min and the GaN/SiO2 etch selectivity is 10, which is in the same 
range as other studies [19,20,24]. 

After the GaN etching step (cf. Fig. 5-a to c), the pillar profiles obtained are highly anisotropic. Sidewall 
striations are visible at the top of the pillars, which were initially present in the hard mask (cf. Fig. 2-a) and 



transferred into the GaN. About 1 µm below the hard mask, the pillars exhibit a bulging part. This 
phenomenon is present in all pillars but is more noticeable in the isolated ones. At the bottom of the pillars, 
hexagonal facets appear. 

 

 

Figure 5. SEM images of GaN pillars with m-oriented hexagonal hard mask of 2 – 0.5 – 0.25 µm diameter in tiled view (45° with a 
rotation of 30°) after etching and before BOE: a), b), c) and after BOE treatment: d), e), f). The dashed line represents the height 

reached by the a-oriented facets. 

After a 2-hour BOE treatment (cf. Fig. 5-d to f), the pillar profiles became more anisotropic, and the bulging 
part located 1 µm below the hard mask was removed. To estimate the thickness of the redeposit that formed 
the bulging area, we compared pillar diameters taken 1 µm below the hard mask before and after BOE. Fig. 
6 shows the redeposit thickness for various pillar diameters and spacings. Two trends are apparent from 
these curves: 1) the thickness of the redeposits slightly increases as the pillar diameter decreases, but this 
trend could be due to measurement accuracy. 2) More redeposits (around 50 nm) are found on isolated 
pillars compared to dense ones (around 20 nm). FIB-STEM and EDX analyses performed after GaN etching 
on 1 µm-diameter isolated pillars indicate that those deposits are Si-based etch byproducts (cf. Fig. 7-c to 



g). This indicates that the deposition comes from the etching of the SiN carrier wafer and that the SiN etch 
byproducts redeposit from the plasma on the pillar sidewalls [24]. Since the collection angle of neutral 
depositing species is greater in isolated than dense pillars, thicker deposits are observed for isolated pillars 
(cf. Fig. 6). The deposit thickness is at its maximum at about 1 µm below the hard mask (measured at 37 
nm for isolated 1 µm-diameter pillar) (cf. Fig. 7-b), as it is sputtered at the top of the pillar, and the pillar 
bottom is exposed to plasma for a shorter time. The formation of Si-based deposits on the pillar sidewalls 
results in a diameter increase at the bottom of the pillar compared to the initial HM imprint. The thicker the 
deposit, the more significant the diameter increase [30]. Therefore, the diameter of the pillars increases by 
around 50, 70, and 80 nm, respectively, for dense, semi-dense, and isolated arrays. 

The BOE treatment reveals the etching striations present at the top of the pillars and the smooth hexagonal 
facets at the bottom of the pillars. The facets are fully hexagonal for small diameter pillars of 0.5 µm or lower 
(cf. Fig. 5-e and f), partially formed for 1 µm pillars but not present on the 2 µm pillars (cf. Fig. 5-d). The 
orientation of these facets is always the same and corresponds to the a-plane of the GaN, indicating that 
the process is crystallographic orientation-dependent and not aligned with the m-oriented hard mask. 

 

 

Figure 6. Thickness of redeposits measured on pillars of different diameters and different pitches. Redeposit thickness is 
calculated from tilted view SEM images by making the difference of pillar diameter before and after BOE divided by two. 



 

Figure 7. FIB-STEM lamella and EDX analysis of post-etching redeposits. a) SEM cross section of a 1 µm-diameter pillar, the 
yellow box corresponds to the area analysed by EDX; c), d), e), f) and g) are the EDX mapping of the chemical elements present 

in the analysed area of the sidewalls shown in b). 

A similar Cl2 plasma process was used to pattern GaN pillars with a-oriented and circular hard masks to 
investigate the influence of hard mask shape on faceting formation (cf. Fig. 8). SEM images of the pillars 
after BOE confirm that plasma etching leads to the formation of facets corresponding to GaN a-planes 
regardless of the initial HM shape. Facet formation is facilitated for smaller pillars and when the initial hard 
mask facets are aligned with the GaN a-plane. Thus, with an a-oriented HM, pillars of all diameters show 
well-defined a-plane facets from the base to the top (cf. Fig. 8-c and f). In contrast, m-oriented HM results 
in a-facets only for pillars with a diameter of 1 µm or less, and the facets remain located at the base of the 
pillars (Fig. 8-a and d). Circular HM exhibits an intermediate behaviour where facets are visible at the base 
of all pillars and extend higher than for m-oriented HM but do not reach the top of the pillars (Fig. 8b and e). 

The appearance of a-plane facets during GaN pillar etching in Cl2 plasma has been observed by other 
researchers [19,20,28]. In their work, Harrisson et al. [19] conducted a parametric study to investigate the 
influence of Cl2/Ar plasma conditions (pressure, source ratio, etc.) on the GaN etch rate and pillar profile. 
They clearly observed the appearance of a-planes during the etching process for all plasma conditions 
except the ones showing limited etch selectivity with the hard mask. In this case, mask erosion at its edge 
led to striations along almost the entire height of the GaN pillar. However, facets were still visible at the 
bottom of the pillar. They attributed the formation of facets to a possible temperature effect that may increase 
the chemical component of the etch for long etching times. In our study, we excluded this hypothesis as the 
temperature process was checked with a temperature sticker attached to a sapphire wafer. Even after long 
processing times of 2000 seconds, the temperature was still in the range of 71-77 °C, slightly surpassing 
the chuck temperature of 55 °C. We suggest that the formation of facets is inherent to the etch mechanisms 



of GaN in Cl2 plasma. However, it is true that temperature, which generally enhances the chemical 
component of the etch, can facilitate facet formation. 

 

 
Figure 8. SEM images in tilted view (tilt 45°, rotation 30°) of 1 µm diameter pillars after BOE and with different hard mask shapes: 
a) hexagonal m-oriented, b) hexagonal a-oriented, c) circular. d), e), f) similar images on pillars of 0.5 µm diameter, the dashed 

line represents the height reached by the a-oriented facets. 

Another interesting observation is the formation of hexagonal pits on the horizontal GaN surface during 
etching, which can be seen when the GaN is not entirely etched (cf. Fig. 9-a). In this case, the facets of the 
hexagonal V-pits correspond to m-type semipolar planes, such as (1-10k) planes. Similar defects with 
crystallographic orientation were observed during the KOH wet etching of (0001) GaN surface [31], as well 
as during (0001) GaN surface exposure to unbiased Cl2 plasma, where the chemical component of the 
etching is enhanced [32]. Under such chemical-driven etching conditions, the c-plane GaN surfaces are very 
stable planes to etch, and the etching begins at the defective region of the GaN, namely along the dislocation 
pits. In their KOH wet study, Lai et al. observed that m-type semipolar planes appeared in the dislocation 
pit, first (1-102) planes that rapidly disappear to turn into (1-101) planes [31]. These planes persisted 
throughout the wet processing time until the GaN/sapphire interface was reached. At this point, lateral 
etching dominated, and the (1-101) planes were laterally consumed, and the etch stopped on m-nonpolar 
(1-100) planes. The origin of the m-oriented hexagonal pits in our study may follow similar mechanisms as 
those proposed for wet KOH. However, in our case, the etching of the GaN c-plane is activated by the ionic 
bombardment, as discussed in the next section. 

 

 



 

Figure 9. a) SEM images of a GaN sample partially etch where V-pits defect with m-type semi-polar planes are visible (tilt 30°, no 
rotation). b) and c) behaviour of convex and concave structures under chemical preferential etching where a-planes are etch 

faster than m-planes. The arrow indicate the etching direction. 

3.3. Discussion on the orientation preferential etching of GaN in Cl2 plasma 

The mechanism for the wet etch of GaN by alkaline solutions assumes the oxidation of the gallium (Ga) 
atoms via hydroxide (OH−) molecules attacking and breaking the Ga–N bonds, freeing the Ga atom to 
oxidize into Ga2O3 which is then dissolved [31,33,34]. 
 

2𝐺𝑎𝑁 + 3𝐻ଶ𝑂
ைுష

ሱ⎯ሮ 𝐺𝑎ଶ𝑂ଷ + 2𝑁𝐻ଷ 
Equation 1. GaN etching mechanism in KOH solution  [33,34] 

 
Li et al [33] discovered that the surface's dangling bond configuration of N is essential to understanding 
selective etching on polar GaN surfaces. The fewer the nitrogen dangling bonds on a plane, the less steric 
hindrance for the OH− ions to attack the Ga-N bonds and bond with the Ga, resulting in a higher etch rate. 
Lai et al [31] refined Li et al's assumption and proposed calculating what they called the etching barrier index 
(EBI), defined as the planar atomic density of the crystallographic plane multiplied by the number of dangling 
bonds per nitrogen atom on that plane to describe the etching ability of a plane. Therefore, the higher the 
EBI value, the more challenging it is to etch a particular plane. From their calculation and Kazanowska's 
ones  [28], the EBI of planes decreases as follows: c-polar plane > m-nonpolar plane > a-nonpolar plane > 
m-type semipolar plane (1-10k) k > 0 > a-type semipolar plane (11-2k) k > 0. 
 
This classification implies that in a chemically driven etching regime, semipolar planes are etched faster 
than nonpolar ones and faster than c-planes, and globally, a-type planes are etched faster than m-type 
planes. This theory is highly consistent with experimental observations of GaN etching in KOH [35–37]. One 
consequence is that the slowest etching planes are the planes revealed by crystallographic etching and, 
therefore, wet etching. The facet with a high EBI usually becomes an etching stop and appears in the etching 
process. 
 
However, other factors also influence the appearance of one plane over another: the local vertical etch rate 
versus the lateral etch rate, combined with the surface curvature (concave or convex that will be formed) 
[36,38]. It is observed that for a convex surface, fast etch facets persist, while for a concave surface, slow 
etch facets persist. 
 
Based on all those mechanisms proposed for wet etching, we can propose the following mechanism for the 
preferential appearance for a-type plane on the pillar and m-type plane for the pits. 
 
 
Using all the mechanisms proposed for wet etching, we can suggest the following mechanism to explain 
why a-type planes tend to appear more often on the pillars and m-type planes on the pits. Other publications 



dealing with the etching of GaN in Cl2 based plasma suggest that reactive chlorine preferentially reacts with 
Ga over N to form the volatile GaCl3 compound, resulting in N-depleted GaN surfaces being observed [32]. 
Similar to the wet etch mechanisms in alkaline solution, the attack of Ga atoms by Cl may depend on the 
planar density and the N dangling bonds present on the plane. Based on this assumption and following the 
wet mechanisms exposed above, it is predicted that a-type planes will be chemically etched faster in Cl2 
based plasma. Of course, the difference with wet etching is that with plasma, the chemical component of 
the etch is enhanced by ion bombardment. However, Coulon's work [18] confirms that a similar trend is 
observed in an ion-enhanced chemical etching regime: a-semipolar planes are etched faster than a nonpolar 
plane and faster than polar c planes, regardless of the Cl2 plasma conditions used. Considering that GaN 
etching is dominated by the chemical component, preferential crystallographic orientation can appear during 
the etch. Consistent with the wet etch mechanisms, we observe that in the pits that present concave surfaces 
with respect to the radical fluxes, the slow etch facets (m-type planes) form (cf. Fig. 9-c), while in the pillar 
that shows concave surfaces with respect to the radical fluxes, the fast etch facets (a-type planes) appear 
(cf. Fig. 9-b). 
 
4. Conclusions 

In the realm of optoelectronics and photonics, GaN-based nanostructures are of great interest due to their 
potential to access non-polar and semipolar crystal planes, which can significantly improve the light 
extraction and absorption of optoelectronic devices. However, achieving controlled fabrication of GaN 
nanostructures with specific crystallographic facets and final shapes is a challenging task. This study 
demonstrates that a top-down approach that combines lithography and Cl2-based plasma etching can be 
used to transfer patterns while revealing smooth nonpolar facets. Although the etching of GaN in Cl2 is driven 
by ion-enhanced chemical etching mechanisms, the chemical component is dominant, and the mechanisms 
that lead to facet formation are similar to those involved in wet KOH etching. Cl2 plasma preferentially etches 
the nonpolar planes, but the final revealed plane depends on the surface curvature. Therefore, etching 
convex surfaces results in a-oriented facets, while concave surfaces result in m-plane facets. Even by 
changing the initial hard mask (HM) shape and orientation with respect to the GaN planes, it is difficult to 
reverse this trend. Although hexagonal or circular HM leads to a-oriented facet formation, an initial HM shape 
closer to the GaN a-plane will result in smooth facets from top to bottom, provided that the ion bombardment 
is well-controlled. However, top-down patterning using Cl2-based plasma is not sufficient to produce m-
oriented facets on pillars. Therefore, the fabrication of core-shell light-emitting structures requires an 
additional wet treatment after plasma patterning to reveal the intended m-oriented pillars. Previous studies 
[39,40] have shown the possibility of achieving m-plane faceting on GaN through wet treatments such as 
KOH. Our ongoing studies indeed confirm that by combining Cl2 plasma etching of GaN pillars with an m-
oriented hard mask, followed by a wet KOH treatment, well-defined m-plane facets can be obtained. The 
success of this strategy relies on the slope obtained after plasma etching. 
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