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Abstract: In order to design and development efficient IlI-nitride based optoelectronic devices,
technological processes require a major effort. We propose here a detailed review focussing on
the etching procedure as a key step for enabling high date rate performances. In our reported
research activity, dry etching of an InGaN/GaN heterogeneous structure was investigated by using
an inductively coupled plasma reactive ion etching (ICP-RIE). We considered different combinations
of etch mask (Ni, SiO;, resist), focussing on the optimization of the deep etching process. A GaN
mesa process with an etching depth up to 6 um was performed in Cl, / Ar-based plasmas using ICP
reactors for LEDs dimen sions ranging from 5 to 150 um?. Our strategy was directed toward the
mesa formation for vertical-type diode applications, where etch depths are relatively large. Etch
characteristics were studied as a function of ICP parameters (RF power, chamber pressure, fixed total
flow rate). Surface morphology, etch rates and sidewall profiles observed into InGaN/GaN structures
were compared under different types of etching masks. For deep etching up to few microns into
the GaN template, we state that a Ni or SiO, mask is more suitable to obtain a good selectivity and
vertical etch profiles. The optimized etch rate was about 200nm /min under moderate ICP conditions.
We applied these conditions for the fabrication of micro/nano LEDs dedicated to LiFi applications.

Keywords: InGaN/GaN; ICP; deep etching; mesa; photonic devices

1. Introduction

GaN and related alloys are among the most attractive materials, due to their excel-
lent characteristics as well as large bandgap, high breakdown electrical field and high
electron saturation velocity, for applications such light emitting diodes (LEDs), lasers, pho-
todetectors and high power electronics [1-6]. Mature material associated with optimized
technological processes is the key issue for the near future development of active/passive
RF-optoelectronic components. Dry etching processes dedicated to ternary structures (such
as InyGaj_xIN and GaN) are of particular importance, since such devices generally include
heterostructures. Hence, the fabrication of GaN-based optoelectronic devices depends on
dry etching either partially or totally. Typically, the etch process should yield high etch
rates, minimal surface roughening, good reproducibility and a high degree of anisotropy.
All of these properties can be achieved with inductively coupled plasma (ICP) etching
Sidewall and etched surface morphology are critical parameters in the formation of mesas
or vertical devices with high ratio aspect. In the actual context of photonic devices, require-
ments for GaN etching are fixed in the order of few hundred nanometers [7-9], whereas
this is completely different for those expected for vertical power devices [10-12]. Deep
etching of GaN is presently needed for new applications such as photonic, power and
microelectromechanical system devices for device isolation, waveguide or vertical channel
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formation [13-15]. Low etch depth has been successfully employed for InGaN/GaN de-
vices to create photonics crystal and LED mesas with, in general, etch depths below 1um,
while deep etch has been mainly focused on GaN materials and not actual devices. Hence
more work is required to apply and optimize deep etch to create functional devices [16-18]
The approach is to etch the epilayer from p-type GaN to sapphire to form individual or
interconnected microchips for a micro-LED array [19]). Our purpose is to have a chip-to-
chip isolation and to improve the electrical performance by reducing the metal surface and
global capacitance induced by metallization contacts (pads, connection line) on n-GaN. The
deep etching process was performed to define independent mesa. Different configurations
of etching masks were defined. Photoresist (AZ9260), metal (Ni) and silicon dioxide (5iO;)
were used as etching masks. The objective was to assess surface morphology, mesa edges
and the etching sidewall quality. Several dimensions of etched mesas ranging from 5 x 5 to
150 x 150 pm? were evaluated as a function of etching profile. The effect of different masks
on the etched mesa are discussed for depths varying from hundreds of nanometers up to
a few micrometers. We also illustrated the effects of etched parameters on the resulting
characteristics, such as etch rate, mask erosion and, as a consequence, surface roughness.

2. Experimental Details

In our investigation, IlI-Nitride layers were grown by NovaGaN Ltd. (Lausanne,
Switzerland), using a metalorganic chemical vapour deposition system (MOCVD) on c-face
sapphire substrates. The epilayer structure consisted of 2 um thick undoped GaN, 1 pm
thick n-GaN, ten periods of 10 nm thick GaN/3 nm thick InGaN MQW and 100 nm thick
p-GaN (as shown in Figure 1a,b). Cross-sections and plan-views of the samples were
investigated by high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM). Samples were prepared by tilting along the (1100) and (1120) axes on
thin foils by Focused Ion Beam (FIB) in order to see the dislocations, chemical analysis and
stacking faults. Pinching zones generate threading dislocations (yellow arrows) associated
with plastic relaxation mechanism. They also lead to variation of the top layer thickness
(p-GaN layer) above these zones. Our investigations revealed that InGaN/GaN samples
had threading dislocation densities in the range of 3-5 x 108 cm~2. Dislocations were
created during growth due to the lattice mismatch between the sapphire substrate and
GaN [20-22]. Usually, the Cl,/Ar based plasma shows correct results such as high etch
rates, anisotropic profile and a smooth surface of homogeneous GalN [23,24].

p-GaN: 100nm

MQW
InGaN: 100nm
Dislocations
n-GaN: 1um JHocatons,,. .
u-GaN: 2um
Sapphire substrate
wonm ek
(a) (b)

Figure 1. (a) InGaN/GaN Multi-Quantum Well (MQW) structure layers. (b) Scanning transmission electron microscopy
(STEM) cross section along the (1120) zone axis showing dislocations.

For the formation of the etching mask, we considered three possible combinations:
photoresist (4 pm thick AZ9260), SiO; and Ni layers with a thickness of 600 nm and
520 nm, respectively. The latter were deposited by RF sputtering on p-GaN/InGaN/n-GaN.
Patterning was realized by a lift-off process. Dry etching was performed using an Oxford
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plasmalab 100 plus system. Samples (1.5 x 2 cm) were mounted on a three inches Si wafer
using a thermally conductive paste and loaded on the wafer carrier. The temperature of
the backside cooled sample chuck was kept at 10 °C.

Using Ni, SiO; and photoresist masks, the etching conditions were 10 sccm of Cly,
30 sccm of Ar, 10 mTorr total pressure and ICP power ranging from 100 to 500 Watts. The
ICP power and, indirectly, high-density plasma were limited to 500W in order to avoid
damage to the masking material and etching selectivity. Etch depths were obtained from
surface profilometer measurements after mask removal. The surface morphology was
examined using SEM.

3. Results and Discussion

A first section of the p-GaN/InGaN/n-GaN MQW template was initially etched in
order to attain the n-type GaN layer. This resulted in a 3 um depth mesa, as described in
Figure 2a,b, under the same conditions described above. After this, we applied Cl,/Ar
plasma to etch the last section of the template, the 100 nm thick p-GaN layer. During
chlorination of GaN, chlorine preferentially reacts with the gallium species (Ga) surface
atoms to form Ga chlorides. For etching of the InGaN/GaN MQW layered structure, the
indium species (In) is involved in the chemical reaction and contributes to the formation
of In chloride on surface [25], which is not volatile at the process temperature. A hard
mask, such as nickel (Ni), is preferred for photoresist because etch selectivity of GaN over
photoresist is more advantageous in Cly-based plasma chemistry. The best etching surface
profile is also obtained using an Ni mask compared to those for SiO; or photoresist masks.
GaN etch rates and the selectivity over etch mask were evaluated from the depth of the
etched measured by the profilometry. We noticed that a selectivity of 17 was found for
the Ni mask, which is much higher than 5.3 and 1.5 for, respectively, S5iO; and photoresist
masks as detailed above. Using an ICP power of 500 Watts and RF power of 100 Watts
for each Ni, SiO, and photoresist mask, the resulting etched surface profiles are shown in
Figure 2a,b. The surface morphology revealed a more homogenous and smoother aspect
when the Ni mask was selected.

Ni mask
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Figure 2. (a) Scanning electron microscope (SEM) analysis of mesa sidewalls after inductively coupled plasma (ICP) etching
with sputtered nickel mask (depth of 3 um for ICP power of 500 Watts. (b) Typical etching results showing Ni mask.

We applied a deep etching procedure in order to analyze the maximal endurance and
the toughness of the SiO; mask. As shown in Figure 3a, the quality of etching mesa was
satisfactory for mesa size larger than 20 x 20 um? but limited quality was obtained for
mesa below this dimension. Damaged areas were observed in the border to mesa indicating
the limitation of the S5iO, etching mask. The formation of columnar defects also appeared
using the SiO; cover-plate in this range of etching profile. Columnar defects are generally
due to a micromasking effect [26]. They originate from sputtering of hard mask materials,
which deposit particles on the etched surface and create a local micromask: Figure 3b
shows an etched GalN mesa with an SiO, cover plate. The etched surface presented a
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regular morphology but with the presence of GaN spikes with diameters from 50 to 200 nm,
and heights from 1 to 2 um, at certain places of the etched surface.
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Figure 3. (a) Cross section SEM images of InGaN/GaN MQW structure after ICP etching with etching depth of 1 pm with
SiO, mask, and (b) observation of mesa sidewall etching with SiO, mask (Etching depth of 4 um at 500 Watts ICP power).

In order to etch entirely the epilayer through the etch mask to expose the sapphire
substrate, high ion fluxes were required to achieve high etch rate for the formation of a
thick mesa. In addition, high ICP power (>500 Watts) could result in extensive roughness
on the sidewall due to mask damage or erosion during etching. The use of an Ni mask
allowed reduction of erosion of the mask edge and limited the formation of pillars observed
when using an oxide mask. The SiO, mask erosion could be delayed by increasing the
thickness of the etch mask. The presence of nonuniformity on the SiO; mask shape could
cause damage or striations to the sidewalls of the etched sample. These irregularities on
the mask boundaries could be reduced by optimizing the lithography process used to
pattern the SiO;. We investigated the experiment with a SiO, mask of 600 nm thickness,
using GaN epilayers grown thicker on a sapphire substrate. The SiO, mask seemed to
be a good choice for the mask because it offered sidewalls with reduced roughness and
correct selectivity. The mesa sidewall as shown Figure 3b, had a profile with a lower
slope, which was acceptable for a deep etch close to 4.5 pm. Compared to the Ni mask,
higher ICP powers sputtered the SiO, mask faster and caused the redeposition of residues
on the surface which created a more columnar defect due to micromasking during the
etch. During etching of the InGaN/GaN by Cl,/Ar plasma, low volatile In chlorides can
be formed on the etched surface [27]. In could be involved in the plasma reaction with
chlorine and favorable to the pillar’s formation [28] by the micro-masks on the etch surface.
Moreover, part of pillars results from structural defects and dislocations in GaN. When the
etch depth increases, the density of these surface features was found to increase. When the
etch depth was less than 2 um, there was nearly no pillars observed on the etched GaN
surface. Although a number of studies have been performed on the plasma etching of GaN,
very little is known about the mechanism of pillar or pit formation on the etched surface of
the GaN/InGaN heterostructure [29].

Let us consider now the third option with application of a photoresist mask. Etching
conditions were 10 sccm of Clp, 30 sccm of Ar, 10 mTorr total pressure and 500 Watts
ICP power. AZ9260 Photoresist used as etching mask exhibited poor persistence to the
ICP etching process. Photoresist etch masks have a low selectivity compared to GaN [30].
A hard masks such as Ni is preferred for photoresist because etch selectivity of GaN
over photoresist is more advantageous in Cly-based plasma chemistry. We observed that
GaN etching occurs without any pattern deformation at low ICP power (150 Watts) and
moderate etch rates within the same conditions. Up to this power value, the photoresist
mask is drastically affected by mask damage and edge degradations. Figure 4a shows the
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etched mesa with an optimized depth obtained at 1.5 um for larger dimensions (from 50
to 200 um?). Concerning mesa sizes smaller than 10 um?, the etching process was limited
in terms of quality and shape, showing defective areas in the mesa edges as illustrated in
Figure 4b. The photoresist mask was a material less robust and more affected with physical

bombardment contribution.
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Figure 4. SEM images of mesa sidewalls using a photoresist mask: total etching depth of 1.5 um, with a mesa width of
(a) 100 um and (b) 10 um -ICP power of 150 Watts.

The Ni mask represents the best choice for obtaining a high-selectivity and vertical
etch profiles for deep etched structures. Throughout the experiment, RF power, ratio of
mixed gas and chamber pressure were conserved, which seems to be a good compromise
for high etching rate and to investigate the impact of ICP power on the etched profile and
nature of masks. The temperature of the backside cooled sample chuck was maintained at
10 °C. We therefore studied the etch rate as a function of ICP power. Further experiments
using different gas combinations will be investigated for improvements, while focusing on
one mask.

Ni masks permitted us to study the ICP power parameter, demonstrating a key el-
ement in the etching rate. The different values used in this experiment led to extracting
different etching conditions. Increasing the ICP power led to increasing chemical compo-
nent of the etch flow at identical conditions. Figure 5 shows the linear influence on the
etch rate and the DC bias when increasing the ICP power. We observed that a compromise
was found for a very low inclination and smooth sidewall mesa for the Ni mask when ICP
power was 500 Watts with an etch rate of 198 nm/min.
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Figure 5. Etch rate of GaN and corresponding DC bias versus ICP power.
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4. Conclusions

Dry etching of p-GaN/InGaN/n-GaN structures was carried out in Cl, / Ar inductively
coupled plasmas. The objective was directed toward mesa formation for vertical-type
devices, where the etch depth is up to 3 pm. Through a combination of etch masks and
the plasma etch process, mesa structures with smooth sidewalls and reduced post-etch
residues were achieved. In our investigations, dry etch development was focused on deep
mesa into GaN materials. The etch parameters were adjusted to obtain high etch depth
with low defects and good verticality. The experiment indicated that the Ni mask is more
appropriate for the deep etch process in comparison to SiO, and photoresist masks in
the case of micro-mesa etching. Such a mask is more suitable to obtain a good selectivity
and vertical etch profiles for an etch depth exceeding 6pum. The highest etch rate was
198 nm/min at ICP power of 500 Watts. Here we found that the most vertical and smooth
sidewall mesa were produced for the higher ICP power. We observed an increase in the
etch rate of GaN with increasing ICP power attributed to increase in Cl radical and ion
density in the plasma. The pattern transfer during etching was intimately limited by the
quality of the etch mask and an inappropriate mask could result in surface morphologies
that include pits and/or pillars. ICP etching can potentially provide relatively low damage
while maintaining fast etching rates and superior uniformity with an Ni mask. The nature
of etching masks also plays an important role in device performance due their junction and
possible contamination of sidewalls during etching process. Subsequently, the evaluation of
electrical response is largely impacted by the nature and the quality of the etching process.
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