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Abstract

This study proposes a top-down approach for fabricating high aspect ratio AIN pillars with m-oriented nonpolar
sidewalls, which will serve as the first building block for the fabrication of core-shell UV-LEDs. Such structures are
achieved through a two-step process, combining a chlorine plasma etching, followed by a wet chemical etching with
KOH. In this work, the mechanisms driving the AIN etching in chlorine plasma are discussed. In particular, we highlight
the impact of the ratio between ion flux and radical flux on AIN etch rates, pillar profiles, and crystal orientation-
dependent etching. We also identify two mechanisms of passivation layer formation on the pillar sidewalls that
contribute to the pattern slope: redeposition of the carrier wafer etch by-products and Aluminium line of sight
redeposition, both phenomena are also driven by the ionic bombardment. Low ionic bombardment (either low ion over
radical flux ratio or low ion energy) has been identified as plasma conditions allowing the patterning of anisotropic AIN
pillars but with the formation of a-nonpolar facets. Due to the inability to obtain m-oriented sidewalls using Cl, plasma
etching alone, we show that the use of a KOH wet etching treatment allows verticalizing the pillars and revealing smooth
m-facets on the pillars’ sidewalls if suitable m-oriented hard mask is used. In this wet etching step, we highlight the key
role played by the hard mask and its initial shape during the wet etching if straight and m-oriented pillars are desired.

Keywords: AIN, Plasma etching, KOH wet etching, preferential crystallographic etching.

1. Introduction

I11-nitride (111-N) semiconductor light-emitting diodes
(LEDs) are a particularly promising alternative to
mercury  vapor lamps for making compact,
environmentally friendly, low-power UV sources [1].
The most classical approach today to emit in the UV-C
range (A=280-200 nm) is the growth of Al-rich (>50%)
AlGaN quantum wells in AIN barrier on AIN c-
crystalline plane [2].

However, the external quantum efficiency (EQE) of
current planar AlGaN well-based UV LEDs is extremely
low, of a few percent, compared to that of current blue
LEDs (EQE~ 90%) [3].

Three-dimensional (3D) core—shell architecture offers
some promising solutions to increase the EQE [4-6]. It
uses micro/nanowires as a core template on which the
emissive QWSs are grown radially. This 3D geometry
provides some advantages over the planar architecture:
1) reduced crystalline defects in the emissive layer [7,8];
2) mitigation of the Quantum Stark Effect through
growth on nonpolar m-planes where strong spontaneous
and piezoelectric polarization are absent, compared to c-
planes [9], 3) increased emissive surface area [10], and
4) enhanced light extraction [10].

To reach UV-C emission, the core-shell architecture
involves the fabrication of well-organized arrays of AIN
nanowires upon which the emissive AlsspsGaN quantum
wells (the shell) are radially grown. Ideally, the pillars
should present a high aspect ratio (AR) with sub-
micrometric diameter and several microns height. First,
because the emitting active area is proportional to 4
times the aspect ratio [6]. Secondly, because sub-
micrometer diameter pillar allows stress relaxation
during QW growth and limits crack formation [11].

Unfortunately, in contrast to other 1II-V or [lI-N
materials, the fabrication of AIN nanowires by bottom-
up approaches, either by Molecular Beam Epitaxy
(MBE) [12] or selective area growth via metal-organic
vapor phase epitaxy (MOVPE) [13] remains immature.
Thus, the top-down approach, which combines
lithography and plasma etching steps, shows significant
promise for patterning arrays of high AR AIN
nanopillars with controlled shapes, dimensions, and
densities on a wafer-scale, as a core template for the
AlGaN-based QW growth. However, to obtain a high
quality of the QW regrowth on the core, the nanopillars
should present smooth and m-oriented nonpolar facets on
their sidewalls. Unfortunately, one challenge associated
with the plasma patterning of deep etching of I11-N layer
is the potential for generating damaged and rough
surfaces on the sidewalls, which may prevent high-
quality surface regrowth [14].

The patterning of high aspect ratio AIN patterns is far
more complicated than for other I11-N. Chlorine-based
plasma chemistries (Cl,, BCls, SiCl,) are typically used
to etch AIN since they allow the formation of volatile
products such as AICls, N2, and eventually NCl; [15-23].
However, under the same plasma conditions, AIN etch
rates are 3 to 4 times lower than other 111-N ones [20-23]
This introduces etch selectivity issues with the etching
mask if deep etching (>1pm) is targeted. The majority of
studies devoted to the etching of AIN patterns are limited
to sub-micron etched depths [17-19]. They all show AIN
patterns with tapered profiles (slope of 70-80°) and
rough sidewalls, highlighting the complexity of
structuring this material.

To address the etch selectivity issue for AIN deep
etching (>1pum), metallic hard masks obtained by lift-off
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lithography are generally used but they can be a source
of metallic contamination and pattern sidewalls
roughness [16]. However, one group [15], reported on
the nanofabrication of high-quality AIN nanorod arrays
using a metallic mask. The metal dot mask was achieved
by a lift-off process using Displacement Talbot and the
plasma transfer used an Ar/Cl, plasma. Their best
process allowed the patterning of highly anisotropic AIN
nanorods, an AIN etch rate of 123 nm/min and an etch
selectivity over the Ni hard mask of 31 [15]. However,
despite the excellent etch selectivity, AIN pattern profile
degradation started to appear for etching deeper than 2
pm, because of the Ni mask faceting and shrinkage,
limiting the fabrication of nanorods with an aspect ratio
to about 5-6. In subsequent studies [24,25], they used
additional KOH-based wet etching to remove the plasma
damage and tune the morphology and the diameter of the
nanorods. Their two-step dry-wet etching process allows
the fabrication of highly anisotropic nanorods with
smooth sidewalls, a diameter of about 130 nm, and a
height of 1.8 um.

This article aim to provide a fabrication process flow to
pattern high aspect ratio (>10, etch depth of 4 um) AIN
pillar arrays with smooth m-oriented facets that could be
used for deep UV core/shell LEDs.

The first part of the experimental results section is
dedicated to the plasma etching mechanisms involved in
the Cl; plasma patterning of AIN pillars with a SiO;
dielectric mask. The second part focuses on a post-
plasma treatment using wet etching of AIN in 44% KOH
solution at room temperature. The third experimental
part draws a comparison between the etching
mechanisms in Cl, plasma and wet KOH. Finally, we
demonstrate that by combining an m-oriented hexagonal
hard mask shape with optimized plasma and wet process
conditions, homogeneous arrays of high aspect ratio AIN
nanowires presenting anisotropic and smooth m-oriented
sidewalls in a various range of dimensions and densities
can be obtained.

2. Experimental setup
2.1. Sample preparation

Micro-pillar fabrication was carried out on a
commercially available 2-inch wafer of unintentionally
doped Al-polar (0001) AIN of 4 um thickness grown on
a c-sapphire substrate and provided by Nanowin
company. A 1400 nm thick SiO; hard mask (HM) was
deposited onto the AIN layer using Plasma Enhanced
Chemical Vapor Deposition (PECVD)  with
tetraethoxysilane (TEOS) at 480 °C in a DxZ CVD
reactor from Applied Materials. The 2-inch wafer is then
diced into samples of 7 by 11 mm.

An electron-sensitive resist (ma-N 2410, with a
thickness of 800 nm) is then spin-coated on the samples.
The resist is then patterned using electron beam
lithography (e-beam). The patterns consist of dots with
hexagonal shapes and diameters (inscribed circles) of
0.25 pm, 0.35 pm, 0.5 pm, 1 pm, and 2 pum. The
hexagonal dots had two orientations corresponding to a-

planes {11-2k} and m-planes {10-1k} of AIN, with a
precision of +1° (cf. Fig. 1-a). The dots follow a
staggered arrangement with three different densities: a
dense array with a distance between the dots of 2 um, a
semi-dense array with a distance between the dots of 5
pum, and an isolated array with a distance between the
dots of 15 um (cf. Fig. 1-b). The primary focus of this
work will be on the 0.5 um diameter pillars within the
semi-dense array, but the observed trends are consistent
across different pitches and diameters.
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Figure 1. a) Schematic of the shapes of the lithography dots,
hexagonal oriented with a- or m-planes of the AIN or circular. b)
Staggered arrangement of the dots with the annotations of dots
diameters and distance between dots for the two arrays.

2.2. Plasma and wet processes

The etching experiments were conducted using a
Centura 5200 etch platform from Applied Materials,
which consists of three plasma reactors designed for 200
mm wafers. For the HM opening step, the AIN sample is
glued on a Si carrier wafer with a thermal paste and the
process uses an Ar/C4Fs/O, plasma in a Magnetically
Enhanced Reactive lon Etching (MERIE). Subsequently,
for both resist stripping, and AIN etching steps, the
sample is glued on a SisNs CW. Both processes were
carried out in an Inductively Coupled Plasma (ICP)
reactor (Decoupled Plasma Source, DPS). The resist was
stripped using an O, plasma while the AIN layer was
etched with a Cl, plasma.

The starting point for the AIN plasma process
development was a recipe given the best patterning of
high aspect ratio GaN pillars [26]: a gas flow of 190
sccm of Cly, a source power of 400 W, a bias power of
150 W (equivalent to a direct current self-bias voltage,
Vpc, of -460 V), a pressure of 20 mTorr, with a chuck
temperature maintain at 55 °C.

In this study, we investigated the impact of pressure,
source power, and bias power while keeping fixed gas
flow, Vpc (except for bias power experiments), and
wafer temperature, as detailed in Table 1. In a plasma,
the Vpc is directly correlated with the ion energy: E;,,, =
Vel + Vp, (Where Vp is the plasma potential which is
generally of about 10 to 15 eV and changes only of few
eV with pressure, but not with the other parameters [27]).
The main physical parameters that drive a plasma
process are the radical flux (here the atomic chlorine flux
I'cr), and the ionic bombardment that combines the action
of the ion flux (T';) and the ion energy (Eion) [28]. In our
tool, the Voc (~ Eion) is not an adjustable parameter but




rather a read-only value. To modify the ion energy, the
accessible tool knob is the bias power, which is
proportional to the product of the ion flux (I%)
(equivalent to a current/cm?) and the Voc (~Eion) [29].
When changing the source power or the pressure, the ion
flux (I') is modified. This means that the bias power
needs to be adjusted to guarantee a constant ion energy
when the pressure or source power is varied. In our
experiments, we adjust the bias power to keep a constant
Ve (~Eion) at about -460V, except for the bias power
experiments.

Tablel. Experiment number, pressure, source power, bias power,
corresponding DC bias, and time use to etch the AIN pillars.

Exp. Pressure Source Bias DC Etching
n° (mTorr)  power power bias time (s)
(W) W) M)
1 10 400 220 -460 1150
2 15 400 175 -464 1650
3 20 400 150 -454 2250
4 30 400 150 -466 3420
5 20 400 80 -338 4250
6 20 400 200 -526 1780
7 20 200 150 -465 2950
8 20 800 210 -460 1200

The wet etching experiments were performed in a
chemical fume hood located within a clean room, with
the temperature maintained at 20 °C. To remove the SiO-
hard mask after AIN etching, a commercial fluorhydric
acid (HF) solution provided by TECHNIC consisting of
50 wt% HF diluted in water was employed for a 5-minute
duration. In some cases, it could be important to keep the
HM present to ensure complete removal of the sidewall
passivation formed after plasma etching. For this
purpose, a 1 wt% HF solution diluted in water was used
for 60 seconds. Subsequently, a 44 wt% KOH solution
provided by CMC Materials was used at room
temperature for the post-etching wet treatment.
Following the wet treatments, the samples were rinsed in
deionized water for 2 minutes and dried using a nitrogen
(N2) flow. Various KOH etching times were
investigated, ranging from 20 seconds to 2 hours, only
the most noteworthy will be discussed.

All the details regarding the fabrication process,
including resist, spin-coating, and e-beam parameters, as
well as information about sample cleaning steps, are
provided in our previous works [26,30].

2.3. Morphological characterizations

A FEI Helios-450s Focused lon Beam Scanning
Transmission Electron Microscopy (FIB-STEM) system
was used to image the pillars after the different steps of
dry and wet etching and to prepare Transmission
Electron Microscopy (TEM) lamella. Observations were
performed at 3 kV and 50 pA to minimize charging
effects, and the samples were tilted by 45 ° to show the
sidewalls of the pillars.

Before the TEM lamella preparation, samples were
metalized with a 20 nm platinum layer sputtered by
physical vapor deposition (PVVD). Then, they were fixed
to the FIB chuck using copper scotch to ensure electrical
contact between the top of the sample and the chuck.
This step is crucial, especially on highly insulating
sapphire substrates, to avoid important drift during the
milling of the lamella.

Preparation of the lamella involves the following steps:
1) Deposition of two in-situ capping Pt layers using a gas
injection system (GIS), the first layer is done with the
electron beam, and a second thicker layer is deposited
with the gallium ion beam. 2) lamella milling, 3) lift-out,
4) lamella transfer and fixing onto the TEM grid, 5)
lamella thinning with progressive reduction of tension /
current, starting at 30 kV, 0.79 nA, then at 30 kV, 0.23
nA, with a final thinning at 16 kV, 0.15 nA, 6) de-
amorphization step performed at 2 kV, 23 pA.

TEM observations were conducted on an FEI Tecnai
Osiris operating at 200 kV in STEM mode, using Bright
Field (BF) and High-Angle Annular Dark-Field
(HAADF) detectors. Energy Dispersive X-ray analysis
(EDX) was also performed at 200 kV using four Bruker
Silicon Drift Detectors (SDD).

To ensure uniform grayscale and enhance contrast across
images, all Scanning Electron Microscopy (SEM)
images underwent post-processing using a contrast-
limited adaptive histogram equalization (CLAHE)
algorithm from the Python OpenCV library.

3. Experimental results
3.1. Cl; plasma etching

a) Impact of pressure

Figure 2 shows AIN, SiN, and SiO; etch rate evolution
as a function of chamber pressure as well as the resulting
etch selectivity (corresponding to experiments 1 to 4 in
Table 1). Increasing the pressure at fixed ion energy
leads to decreasing etch rates for all materials. For any
plasma conditions, as will be observed in the next
sections, AIN is always etched 3-4 times faster than SiN
and 6-12 times faster than SiO,. However, the SiO; etch
rate decrease with increasing pressure is more
pronounced than the ones of AIN and SiN, which evolve
quite similarly with pressure. The consequence is an
AIN/SIO, etch selectivity increases with increasing
pressure, while the AIN/SIN etch selectivity remains
almost constant. The etch decrease may be explained by
an electronic temperature decrease with pressure that
leads to less ionization process and thus lower ion flux
compared to neutral flux [27], as it will be discussed
later.

Regarding the AIN pillar profiles shown in Figure 2, they
turned from tapered (3-6°) at a 10 mTorr pressure to
anisotropic (~1°) at a higher pressure of 30 mTorr.
Moreover, it is clearly observed some deposits on the
pattern sidewalls that can be removed with HF 50%.
After passivation layer removal, the pillar keeps globally



the same profiles as the ones obtained before HF. All
patterns present some top-edge striated damage. This is
caused by the ionic bombardment that transfers the initial
HM striated roughness into the AIN layer [31,32]. The
damage seems more pronounced at low pressure
consistently with higher ionic flux. Finally, it is observed
that by increasing the pressure, the sidewalls turn into
smooth crystalline facets oriented along the a-plane
more easily.

b) Impact of bias power
Figure 3 shows that AIN, SiN, and SiO; etch rates
increase with increasing bias power (experiments 3, 5,
and 6 in Table 1), certainly due to improved sputter
desorption of etch products from the surface. Again, the
increase with bias is more enhanced for SiO, than AIN
and SiN, resulting in lower AIN/SiO; and almost
constant AIN/SIN etch selectivities with increasing bias
power. The comparison of the pillar profiles before and
after HF reveals that thicker passivation layers are
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present at lower bias. However, the pillar profiles turn
from almost anisotropic (0.5-1.5°) at low bias power (80
W, ion energy of about 338 eV) to slightly tapered (1.5-
3°) at higher bias power (200W, ion energy of 466 eV).
At low bias, smooth a-faceting is visible on almost all
the pattern heights.

¢) Impact of source power

Figure 4 shows that AIN, SiN, and SiO; etch rates
increase with increasing source power (experiments 3, 7,
and 8 in Table 1), attributed to the simultaneous increase
of ion and radical fluxes. SiO; etch rate is the more
sensitive to this increase explaining why the AIN/SiO;
selectivity decreases with increasing source power while
AIN/SIN etch selectivity remains constant. Although the
passivation layer thickness (measured at its maximum)
is about the same for the three source conditions. The
AIN profiles evolve from almost anisotropic (1° without
considering the foot) at low source power (200 W) to
tapered (2-3.5°) at high source power (800 W).

Figure 2. Left: etching rate and selectivity of AIN, SiN, and SiOz, as well as pillar slope versus pressure. Right: Profile of 0.5 um m-
oriented AIN pillars after a), b), c), d) plasma etching done at 400 W of source power, -460 Voc, and a pressure of 10 mTorr, 15 mTorr, 20
mTorr, 30 mTorr, respectively (conditions 1, 2, 3, and 4 from Tablel). e), f), g), h) Same pillars as a), b), ¢), d) after passivation and HM
removal using HF 50% for 5 minutes.
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Figure 3. Left: etching rate and selectivity of AIN, SiN, and SiOz, as well as pillar slope versus bias power. Right: Profile of 0.5 um m-
oriented AIN pillars after a), b), c¢) plasma etching done at 20 mTorr pressure, 400 W of source power, and a bias power of 80 W, 150 W,
and 200 W, respectively (conditions 5, 3, and 6 from Tablel). d), e), f) Same pillars as a), b), c) after passivation and HM removal using

HF 50% for 5 minutes.
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Figure 4. Left: etching rate and selectivity of AIN, SiN, and SiOz, as well as pillar slope versus source power. Right: Profile of 0.5 um m-
oriented AIN pillars after a), b), c) plasma etching done at 20 mTorr pressure, -460 Vbc, and a source power of 200 W, 400 W, and 800 W,
respectively (conditions 7, 3, and 8 from Tablel). d), e), f) Same pillars as a), b), c) after passivation and HM removal using HF 50% for 5

minutes.
d) Discussion the ones under investigation here, the domination of a
In pure Cl plasma, the main chemical active species are particular etch mechanism in Cl, plasma will depend on
the CI atoms while the physical sputtering is expected the total ion flux (I'+) / radical flux (I'c)) ratio, combined

from Cl,* and CI* [27,33]. For any materials, including with the ion energy. Efremov et al [27] showed in their



simulations that the I'+/T'ci ratio considerably decreases
with pressure increase from 5 mTorr to 30 mTorr. At a
fixed pressure, increasing the source power increases the
ionization and dissociation processes and thus I'ciand T+
simultaneously, but the I'+/I'ci increases. At fixed
pressure and source power, it is generally admitted that
an increase of bias power does not change the total ion
flux, while 'y can slightly decrease since Cl atoms are
more consumed for the etching (loading effect), meaning
that at higher bias I'+/I'c ratio may increase.

Based on their simulations, it can be concluded that
plasma conditions that favour higher I'+ /T'ci (higher
source power, lower pressure, and higher DC bias)
enhance the etching of SiO,, SiN, and AIN. Their etching
in Cl, plasma follows an ion-enhanced chemical etching
mechanism, meaning that higher ion flux and energy
improve bond breaking before reaction with CI radicals
and also desorption of etch products from the surface.

According to the plasma conditions used in our study,
the etch rates of AIN range from 60 to 240 nm/min which
is in agreement with other studies dealing with AIN
etching in Cl.-based plasmas [15-23]. AIN is etched 3-4
times faster than SiN, itself etched 2-3 times faster than
SiO;.

Moreover, we observed that under the same plasma
conditions, a GaN sample is etched 1.3 to 1.8 times faster
than AIN samples [26]. The observed etch rate ranking
GaN > AIN > SiN > SiO; is well consistent with the bond
energy ranking [23,34,35]: GaN (2.24 eV) < AIN (2.88
eV) < SiN (3.7 eV) < SiO; (4.68 eV) and high-ion driven
etching mechanisms where the bond breaking is the rate-
limiting step of the whole reaction with the surface.
Once the AI-N bond is broken by the ionic
bombardment, the Cl radicals are absorbed on the
dangling

bonds (DB) of Al (or N atoms), creating a chemical
reaction associated with the formation of volatile etched
by-products (AICls, NCls, N, ...). Note that in the case
of GaN etching in Cl, conditions, the etch by-products
identified by mass spectrometry or optical emission
measurements were GaClx or N, species even if they do
not exclude the possibility to form NClIs products [36].
It is also worth mentioning that without energetic ionic
bombardment, there is no spontaneous chemical etching
driven by CI radicals. Indeed, we exposed the sloped
patterns of Figure 2-e to a 10 mTorr or 30 mTorr Cl;
plasma without any bias (ion energy of about 15-20 eV)
for 3000 seconds. No profile change or etching was
observed either on the sidewalls or the c-plane (not
shown here), meaning that a minimum ion energy is
required to activate the etch mechanisms and that
chlorine radicals alone cannot lead to a lateral etching.

Regarding the AIN pattern profiles, it is also observed
that plasma conditions that favour higher '+ /T'c (higher
source power, lower pressure, and higher bias power)
lead to tapered AIN profiles. On the contrary, conditions
that favour higher radical flux over ion flux (such as
pressure increase or source power decrease) allow

obtaining anisotropic pillars with smooth a-facetted
sidewalls.

TEM and EDX analyses (cf. Figure 5) performed after
AIN etching at 20 mTorr on 1 um-diameter semi-dense
pillars confirm the presence of a passivation layer on the
AIN sidewalls, with a thickness at its maximum (1-2 pum
below the hard mask) of 50-55 nm and almost no
passivation at the pillar base. This redeposit layer is
mainly composed of Silicon, Oxygen, and Aluminium
(cf. Fig 5-c to 5-g). The Silicon comes from the carrier
wafer etching and the presence of oxygen is attributed to
the Si oxidation due to air exposure. Aluminium most
likely originates from the AIN sample. No Chlorine was
detected, certainly because of its substitution by oxygen
under air exposure. The presence of Nitrogen is hard to
assert due to the low sensitivity of light elements in EDX
analysis.

These results suggest that the deposition mainly comes
from the etching of the SiN carrier wafer and that the SiN
etch by-products (typically SiClx, NCIx species)
redeposit from the plasma on the pillar sidewalls.
Generally, the thickness of the passivation layer formed
by redeposition from the plasma phase on the pattern
sidewalls is thicker at the top and gradually decreases
along the pattern height. But as the top pattern is more
subjected to ionic bombardment, the passivation layer is
more sputtered, explaining why the maximal thickness is
at the pillar middle. This is also why it is difficult to draw
a direct link between the thickness of the passivation
layer and the pattern anisotropy. However, Figure 6
clearly shows a link between the SiN CW etch rate and
the sidewall slope. The higher the SiN etch rate, the
greater the slope, suggesting that the deposition of SiN
etch by-products coming from the plasma phase on the
AIN pillar sidewalls plays a major role in the AIN pattern
profile. Moreover, dense AIN pillars are always
straighter than isolated ones, consistently with a lower
collection angle of neutral depositing species in dense
than in isolated patterns (Figure 6).

L 1uym

2 _ FT —— e
Figure 5. a) TEM image (BF) of a 1 um semi-dense pillar etch at 20
mTorr (condition 3 from Table 1), yellow rectangle indicates the
area of EDX analysis. b) TEM image (HAADF) of the passivation
layer where EDX analysis is performed. c), d), e), f), g), h) EDX



analysis showing the presence of Al, N, Si, O, and Pt, respectively.
The Pt element come from the capping layer.
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Figure 6. The slope of the pillars in ° (for different pitches) as a

function of the SiN etching rate.

However, even if the deposition from the gas phase plays
a role in the AIN profile, other mechanisms may take
place. The presence of Al in the deposit (cf. Figure 5)
suggests some line-of-sight deposition of products
sputtered from the AIN bottom to the pillar sidewalls
[37,38]. Such deposition mechanism is known to
generate pattern slope by slowing down the lateral etch
progression [37]. Moreover, higher ionic bombardment
leads to a higher amount of sputtered species and
consequently more important slope. This mechanism
may also contribute to the slope formation that we
observe for a high I+ /T'¢ ratio.

Another phenomenon that may drive the pattern slope is
the crystal orientation-dependent etching effect. Coulon
et al [39] investigate the impact of Ar/Cl, plasma etching
conditions on the etch rate and the morphology of GaN
nanorods patterned from GaN substrates with different
orientation planes (polar (0001), Semi-Polar (1122) and
Non-Polar (1120)). They observe that for any of their
plasma conditions, a-semipolar horizontal planes are
etched faster than a-nonpolar ones, which themselves are
etched faster than c-planes. Moreover, plasma conditions
for which the chemical component of the plasma
dominates lead to different nanorod profiles according to
the initial orientation plane of the substrate, highlighting
some crystal orientation-dependent etching mechanisms.
In contrast, increasing the physical component enables
to minimize the impact of crystal orientation.

AIN has the same Wurtzite crystal structure as GaN with
identical hexagonal geometry. It is likely that similar
mechanisms drive its etching.

From this understanding of the crystallographic
preferential etching combined with the formation of the
passivation layer, we can propose a model explaining the
pattern profiles. During the etching, pillar profiles (i.e.
pillar slope) are driven by the crystallographic
preferential etching, which is dependent on the I's /Tc
ratio and ion energy.

For conditions that minimize the ionic bombardment
(low I'+ /Ty ratio, or low ion energy), the c-horizontal
plane may etch more slowly compared to the oblique
semipolar plane. With a semipolar/polar etching rate
ratio >> 1, the pillar profiles tend to be straightened
during the etching. Additionally, a low ionic
bombardment induces a lesser passivation formation,
leaving more time for the plasma to straighten the
sidewalls (cf. Fig. 7-a). Overall, in this configuration, the
lateral progression of the etch will stop as soon as a
vertical nonpolar facet is reached since those surfaces are
no longer subjected to the ionic bombardment mandatory
to activate the etching. This led to the formation of
straight pillars.

For higher ionic bombardment (high I's /T'ciratio, or high
ion energy) the etching of the c-plane is enhanced and
may be equivalent to the semipolar one due to the
stronger physical nature of the plasma. In this situation,
a semipolar/polar etching rate ratio = 1 could lead to the
formation of more tapered profiles during the etching.
Additionally, at high ionic bombardment, more
passivation comes from the gas phase, and/or the line of
sight is formed on pillar sidewalls. This will shield the
pillars from any further sidewall lateral etching keeping
their profile tapered (cf. Fig. 7-b). This latter mechanism
is most likely responsible for the profile difference
observed on different pillar densities shown in Figure 6.
Indeed, in dense arrays, the formation of a passivation
layer coming from the gas phase is slower due to the
shadowing, leaving more time for the plasma to
straighten the profiles.

a) LowI'y. /I'c1
-Low passivation
-ER(semipolar) >> ER(polar)
— Slope straightening

b) HighI' /T'C]
-Redeposition
-ER(semipolar) > ER(polar)
— Slope conservation

gas phase

Figure 7. lllustration of a), b) the impact of a low/high I'"+ /I'ci ratio
on the passivation formation and its impact on pillar profiles. Grey
arrows and dashed lines indicate the etching progression.

Finally, all the plasma etching results shown above were
performed with the m-oriented hard mask. However,
similar pattern profiles with plasma conditions were
observed with the a-oriented hard mask. The slight
difference is in the a-facet appearance. For both hard
mask shapes and all plasma conditions, the appearance
of a-facet is visible at the pattern bottom, but in the case
of a-oriented hard mask, the a-facets are well defined
from the top to the bottom of the pattern. This trend was
also observed with the patterning of GaN pillars in Cl,
plasma [26]. The a-facet formation is also favoured for
plasma conditions using low I'+ /T'ci. These observations
suggest that m-type semipolar planes are etched faster
than a-type ones and thus less stable. This was also
observed by Okada in the case of GaN trench etching in
Cl, plasma [40]. The etch propagates parallel to a-type



oblique semipolar plane until the corresponding vertical
nonpolar a-plane is reached.

This preliminary section highlights that homogeneous
arrays of anisotropic AIN pillars of various densities and
diameters can be obtained with nicely defined a-facet if
an a-oriented hard mask is used combined with a Cl
plasma showing low ionic bombardment (i.e either low
'+ /Tcior low ion energy). Such conditions are obtained
by operating at either low source power, high pressure,
or low bias power. Note that in the present case, high
ionic bombardment favors two mechanisms that can lead
to slope generation: 1) the redeposition of SiN etch
byproducts and 2) the minimization of crystallographic
preferential etching, and thus it is hard to identify which
mechanisms dominate the slope generation. Figure 8
illustrates the quality of the patterning that can be
obtained at high pressure (30mT): 500nm diameter
pillars with smooth a-facet and a slope of about 1° for all
densities.

However, due to the inability to obtain the desired m-
oriented sidewalls through plasma etching alone, the
capability of post-plasma etching wet KOH treatment
was investigated.

3.2. Wet etching

44% KOH wet treatments with various durations were
performed on AIN pillars patterned with the following
plasma parameters: 190 sccm of Cly, 10 mTorr pressure,
400 W of source power, and 220 W of bias power
(equivalent to a DC bias of -460 V) as shown in Figure
2-a. These conditions were purposely selected to obtain
tapered AIN profiles. Indeed, in our previous study [30],
regarding GaN pillar fabrication with a two-step process
combining dry and KOH wet etching, we demonstrated
that the pattern profile plays a key role in the efficiency
of the wet treatment. If the pillars have a fully anisotropic
or a re-entrant profile, the sidewalls composed of non-
polar planes remain stable and unetched during the KOH
treatment. Our conclusion was that for an efficient post-
etch KOH treatment, the pillar profile should present
some slopes.

a) Role of the HM
The impact of the wet treatment was investigated on AIN
pillars with the HM removed by a 50% HF solution and

on pillars with HM still in place but with the passivation
layer removed with a 1% HF solution (cf. Figure 9).

In either case, the wet etching propagates both vertically
and horizontally, resulting in the formation of a rough
staircase pattern on the tapered sidewalls composed of c-
and m-planes. The m-planes exhibit a prism-like shape
with a 120° angle between two adjacent m-planes. The
absence of a-planes indicates that they are etched faster
than the m-planes, leading to their complete
disappearance [41].

This experiment also illustrates the significant role
played by the HM during the wet process. Without HM,
the top c-plane horizontal surface of the pillar remains
stable over time during the wet process (cf. Fig. 9-a and
9-b), while the top edges of the pillar are laterally eroded.
The upper part of the pillars shrinks at a rate of around
110 to 130 nm/min, corresponding to a horizontal
etching rate of approximately 55-65 nm/min. With
increased wet duration, the ultimate shrinkage of the
pillar diameter at the top results in the disappearance of
the horizontal c-plane (cf. Fig. 9-c and 9-d).

In contrast, the presence of the HM prevents the
extension of horizontal etching at the top edge of the
pillar as shown in Figure 9-f to 9-]. At the same time, the
tapered sidewalls are etched both vertically and
horizontally by the KOH. The tapered area reduces in
height with increased KOH duration, nearly vanishing
after 3 minutes of wet etching. The etching progression
of the tapered area can vary from one pillar to another,
making it difficult to provide a precise value. However,
the vertical etching rate appears to be around 1 to 1.5
pm/min. The vertical etching progresses until the
sapphire substrate is reached, while the horizontal
etching stops when reaching the stable nonpolar planes
defined by the HM (m-planes in the present case),
allowing an anisotropic transfer of the HM into the
pillars in 6 to 10 minutes as illustrated in Figure 9-i. It is
worth mentioning that here pillar slope value is 0°,
indicating that the pillars are completely straight
whatever the initial hard mask shape.

If we extend the wet duration even further, up to 40
minutes (cf. Fig. 9-)), the nonpolar planes revealed by the
KOH are not etched at all, confirming their stability.
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Figure 8. SEM images of a-oriented pillars of 0.5 um diameters after plasma etching (30 mTorr, condition n°4 of Table 1) and HM removal
using HF 50%. a) Semi-dense array, b) dense array, ¢) zoom on a single pillar of the semi-dense array.
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Figure 9. SEM images of m-oriented pillars of 500 nm diameters a)-e) without and f)-j) with HM, exposed to a 44% KOH wet treatment during:
a), f) 20s, b), g) 60s, c), h) 180s, d), i) 360s, and €), j) 40 minutes.

AIN etching with KOH only occurs on the unprotected
sidewalls and at the top edges of the pillars when no HM
is present, more precisely at the polar/nonpolar plane
intersection. The use of an HM to protect the vulnerable
upper top areas prevents any vertical or lateral etching at
the top of the pillar [42], leaving only the tapered
sidewalls etched by the wet, allowing the transfer of the
HM shape onto the pillar.

b) Impact of the HM shape

Finally, we also notice a difference in sidewall
morphologies after KOH wet etching depending on the
HM shape used. When using an m-oriented HM, pillar
sidewalls are remarkably smooth throughout the entire
pattern height with just a few terraces between the
different m-planes (cf. Fig. 10-a). When using an a-
oriented HM, pillar sidewalls are rougher with the
presence of vertical prism-like striations on the entire
pattern height (cf. Fig. 10-b). These zig-zag lines closely
follow the HM striations, formed during the AIN plasma
etching. This morphological difference between m- and
a-oriented pillars is similar to what we already observed
during the KOH wet etching of GaN [30]. That combined
with the fact that KOH reveals m-planes lets us think that
m- and a-oriented pillars sidewalls are both composed of
m-facets only. These facets form large and smooth m-
planes in the case of m-oriented HM or a rough
succession of prism-like triangles in the case of a-
oriented HM.

Note that in this work, the pillar profile was strongly
tapered (using the 10m Torr etching recipe shown in Fig.
2-a) in order to better visualize the wet etching behavior
but completely similar results were observed on
pillarswith slightly tapered profile (using the 20 mTorr
etching recipe shown in Fig. 2-c).
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Figure 10. a), b) SEM images of 1 um diameter pillars with m-
oriented and a-oriented HM respectively after plasma etching and
10 min of 44% KOH wet treatment.

Discussion on the comparison between KOH etching
and Cl, plasma etching of AIN and GaN

Consistently with the literature, we observed that AIN is
etched about 40 times faster than GaN with wet KOH
solution [30,43-45]. In contrast, AIN is etched 1.3-1.8
times slower than GaN in Cl, plasma [15-23,26].
Moreover, both Cl; plasma and wet KOH processes are
driven by crystal orientation preferential etching but the
stable crystallographic planes are different. Usually, the
most stable planes are those that are etched the slowest.
Wet KOH solution reveals c- and m-type planes, while
Cl, plasma conditions with dominant chemical
components (low I's /T'ciratio and low ion energy) favour
the apparition of a-type planes.

All these trends can be well understood from the
literature.

The wet etching mechanisms of AIN and GaN in KOH
solution assume the oxidation of the metal atom (Al or
Ga) via hydroxide (OH”) molecules attacking and



breaking the Metal-N bonds, freeing the metal atom to
oxidize into Al,O3 or Ga,0Os which are then dissolved as
described in equation (1) and (2) [46,47].

KOH

2AIN 4+ 3H,0 — Al,05 + 2NH, 1)
KOH

2GaN + 3H,0 — Ga,0; + 2NH, 2)

The faster etch rate of AIN in KOH solution was
attributed to an easier formation and better dissolution of
Al,O3 compared to Ga;0O3 [47]. Contrary to Cl, plasma
etching, the breakage of atomic bonds between metal
atoms and nitrogen atoms is not the rate-limiting step of
the whole reaction in the KOH wet process. Lai et al.
[48] proposed a physical quantity called etching barrier
index (EBI), which is the product of planar atom density
by the number of dangling bonds per nitrogen atom in a
plane, to describe the etching resistivity of each GaN
plane in an alkaline etching solution. The higher the EBI
value of a plane is, the more difficult the etching of this
plane would be. Indeed, the negative charge of N
dangling bonds (DB) repels the OH™ ions and prevents
them from approaching the Metal-N bonding at the
second layer. Here it is important to precise that this EBI
model is an approximation of the plane stability under
KOH etching and does not take into account other
parameters such as spontaneous polarization or surface
energies.

Although a-nonpolar planes are denser, the fact that the
N atoms present on the plane have 1 DB (vs 2 DB for m-
plane, and 3 DB for c-plane) makes them less stable to
wet KOH etching and disappear faster than m-planes.
This trend is also true for semipolar planes with a-
semipolar exhibiting a lower EBI compared to m-
semipolar. Additionally, semipolar planes have a lower
EBI than nonpolar planes, making them much less
resistant to KOH etching, and thus explaining their quick
disappearance (cf. Table 2).

Concerning the number of nitrogen DB per plane,
Kazanowska et al. [49] note that due to the asymmetric
nature of the atomic stacking within the AIN crystal,
some planes (in Table 2 the m-nonpolar and the a- and
m-semipolar planes) can have 1 or 2 DB depending on
the positioning of the plane in the crystal. To solve this
issue, Kazanowska et al. use a fractional number of DB
(1.27 for those three families of planes). In our case, we
assume that it is the highest number of DB per plane that
will be the limiting factor for the etching capability of a
plane so we keep the value of 2 DB for m-nonpolar, a-
semipolar, and m-semipolar planes. However, the
reasoning and the relative etching ability of the planes
remain similar for both DB values, with the following
KOH wet etching robustness for the different planes: c-
plane > m-nonpolar > a-nonpolar > m-semipolar > a-
semipolar.

Regarding the Cl, plasma process, the metal-N bonds
must physically be broken to generate dangling bonds on
the metal atoms on which CI radical can absorb until a
volatile product such as GaCls or AICI; is formed. This
implies that the etch capability of a plane will be mostly
driven by the planar density of Al atoms, whereas planes
with higher Al density require more Cl ions to break their
bonds, and more Cl radicals to remove the Al atoms. The
c-plane, with its higher Al density, is the harder plane to
etch. Among the nonpolar planes, the a-plane exhibits a
higher Al density than the m-plane and thus is the most
robust. This difference leads to the formation of the a-
facets on the pillar sidewalls. As the AIN bond energy is
higher than the GaN one, AIN is etched at a lower etch
rate. This simple model based on the Al planar density is
just an approximation of the plane stability under Cl.
plasma etching and does not take into account other
parameters such as bond density.

Table 2. Miller index, Number of Al atoms, density of Al atoms, density of atoms, number of DB per N atoms, and EBI for c-, a-, and m- nonpolar

and semipolar planes in AIN wurtzite crystal.

Plane Miller Number of Al planar density ~ Density of atom  Number of DB EBI
index atoms per plane  (atom/A2) (atom/A?) per N atoms (1 A?)
c-plane (0001) 1Al 0.1033 0.1032 3 0.3096
a-plane {11203y 2AL 2N 0.0745 0.1490 1 0.1490
m-plane {10103 1AL1N 0.0645 0.1291 2 0.2582
a-semipolar {1122y 1 Al 0.0316 0.0316 2 0.0632
m-semipolar {1011} 1 Al 0.0547 0.0547 2 0.1095



Conclusion

In this study, the authors demonstrate the feasibility of
producing high aspect ratio (>10) AIN pillar arrays with
anisotropic and m-oriented sidewalls using a two-step
process that combines Cl, plasma etching and KOH wet
etching (cf. Fig. 11).

The etching of AIN in Cl; plasma is highly driven by the
ionic bombardment that is mandatory to break the strong
Al-N bonds. It is also a crystallographically dependent
process because the Al planar atomic density, and thus
the number of AIN bonds to be broken is different
between semipolar, nonpolar, and polar planes. The
higher the Al content on a plane will lead to lower etch
rate of the crystallographic plane. Thus, the ionic
bombardment (ion flux / radical flux ratio (I'+ /T'ci) and
ion energy) plays an important role in the AIN etch rates,
the pillar profiles, and sidewalls faceting. Higher ionic
bombardment (high I'+ /T'ci ratio or high ion energy)
leads to higher etch rates and also reduces the etching
rate differences between the crystallographic planes
limiting the appearance of a specific faceting. In contrast,
low ionic bombardment (low I's /T'ci ratio or low ion
energy) leads to lower vertical etch rate, straight profiles,
and the appearance of a-faceting. The a-faceting
formation rather than m-one may be explained by the fact
that m-type planes are etched faster due to lower Al
planar density. In addition to that, the ionic
bombardment also drives the formation of a passivation
layer on the pillar sidewalls coming from either the CW
etch by-products ejected in the plasma or by an Al line
of sight redeposition. For both mechanisms, higher ionic
bombardment (high ion flux and/or energy) favors the
formation of the passivation layer explaining why
tapered profiles are more easily obtained in those
conditions. By optimizing the plasma parameters to get
low ionic bombardment (low source power, high
pressure, or low bias power), AIN pillars with almost
straight sidewalls (1°) can be obtained but unfortunately
in those conditions, a-facets are favored.
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Figure 11. SEM images of m-oriented pillars after plasma etching and KOH wet etching in the case of a), b) 0.35 um diameter pillar from semi-
dense and dense arrays respectively. For both images, a zoom on one pillar is shown in the top right corner. ¢) Zoom image on a 1 um diameter
pillar from the semi-dense array.

To overcome the impossibility of obtaining m-oriented
sidewalls with plasma etching, KOH wet etching post-
plasma treatments were investigated. On anisotropic
profiles, the KOH wet etching is ineffective, due to the
high stability of the vertical non-polar planes. In contrast,
tapered sidewalls (corresponding to semipolar planes)
are vulnerable and can easily be etched by the KOH.
Such vulnerabilities are also present at the intersection
between polar and non-polar planes at the top of the
pillars. This implies that the presence of the hard mask is
mandatory to avoid damage and lateral etching at the top
edge pillar. We also observed that the m- and c- planes
are the most stable planes under wet KOH, implying that
those planes are the ones that remain at the end of the
wet process. Thus, the use of the HM during the wet
treatment allows to etch all the tapered areas until the
stable non-polar planes defined by the HM shape are
reached. By using an m-oriented hexagonal HM shape,
AIN pillars with anisotropic and smooth m-faceted
sidewalls can be obtained.

In summary, based on all this understanding, the authors
demonstrate the feasibility of producing high aspect ratio
AIN pillars, which will serve as building blocks for core-
shell UV-LEDs. The key parameters for this process
involve the realization of tapered pillars using Cl, plasma
etching, followed by a KOH wet etching step with a m-
oriented HM still present at the top of the pillars.
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