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Abstract: This paper proposes a new technique to engineer the Fin channel in vertical GaN FinFET toward a straight and smooth channel sidewall. Consequently, the GaN wet etching in the
TMAH solution is detailed; we found that the m-GaN plane has lower surface roughness than
crystallographic planes with other orientations, including the a-GaN plane. The grooves and slope
(Cuboids) at the channel base are also investigated. The agitation does not assist in Cuboid removal
or crystallographic planes etching rate enhancement. Finally, the impact of UV light on m and a-GaN
crystal plane etching rates in TMAH has been studied with and without UV light. Accordingly, it is
found that the m-GaN plane etching rate is enhanced from 0.69 to 1.09 nm/min with UV light; in the
case of a-GaN plane etching, UV light enhances the etching rate from 2.94 to 4.69 nm/min.
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1. Introduction
As a wide-bandgap transistor technology, GaN provides a compelling opportunity
to achieve unprecedented performance levels and efficiency in power electronics systems,
owing to its large breakdown electric field and high Baliga’s Figure of merit [1–4]. It
guarantees a 10% reduction of losses in power conversion circuits [5]. Further, it also offers
faster, cooler and smaller power devices than its silicon counterparts [6,7].
Thus far, both lateral and vertical structures have been considered to be incorporated
in the GaN power devices [8]. The GaN-based high electron mobility transistor (HEMT)
device’s immense potential comes from the high density, the high electron mobility in the
2-dimensional electron gas (2DEG) formed at its heterostructure [9]. However, with the
high electric field close to the device surface, the high current density along the 2D channel
generates significant heat, increasing the device access resistance and incidences of current
collapse due to traps [10,11]. Contrariwise, the vertical GaN power devices, especially
the GaN FinFET, have garnered considerable attention because of their potential to reach
high voltage and high output current density [12,13]. Furthermore, they exhibit superior
thermal performance compared to lateral devices [14]. The first design and fabrication
of a Normally-Off GaN vertical fin power FET (or MOSVFET) have been reported by W.
Li et al. [15]. They first used a TCAD tool to investigate the impact of the main critical
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parameters on the device performance, such as the bulk GaN mobility, the gate-to-gate
distance, and the gate length. They achieved an ON-state resistance (RON ) of 2.8 mΩ·cm2
and a breakdown voltage (VBR ) of 1.2 kV. Several prototype versions of GaN FinFET devices
fabricated on GaN or a foreign substrate have been published in the literature [16–18].
The vertical GaN FinFET fabrication process begins with the anisotropic GaN etching,
executed by dry Induced Coupled Plasma-Reactive Ion Etching (ICP-RIE) [19]. However,
the main drawback of such technology is the GaN sidewall surface’s damage with difficulty
in obtaining straight etched sidewalls [20]. Engineering the Fin channel sidewalls plays a
crucial role in the electrical performance of vertical GaN FinFET devices [21]. Therefore, it
is vital to optimize a smoothing process after dry etching to remove the channel sidewalls
imperfections and the GaN/dielectric interface of the device is therefore improved.
For vertical GaN FinFET devices, a Fin channel structure with non-polar plane side
walls is favorable for Normally-Off operation. Non-polar planes at the FinFET channel’s
sidewall are suitable for fabricating the Normally-Off device. Depending on the channel
width, a low quantity of charge can be present in the channel at VGS = 0 V [22,23]. The
m-GaN and a-GaN channel sidewalls revealing process require a specific lithography
orientation of the Fin channel structure [24]. The chemical etching process has also been
demonstrated in the literature for post dry etching treatment of GaN [25–28].To achieve
this, Tetramethylammonium hydroxide (TMAH) is widely used [29,30]. Furthermore,
UV light-based TMAH etching is also effective technique to enhance the GaN sidewall’s
etching rate [31]. It also improves the etching selectivity when a dielectric material is used
as a mask [32,33].
Since GaN chemical etching is a crystallographic dependent process, the Fins sidewalls
should be precisely aligned to the crystal plane that we would like to reveal after etching.
Therefore, for GaN coupons processing, developing a sensitive orientation determination
procedure is an essential step.
The purpose of this paper is to investigate one of the most critical steps in the fabrication process of vertical GaN FinFET transistors, which is the etching of the channel
sidewalls. An Orientation Determination (OD) technique has also been demonstrated for
GaN Fin channel sidewall. Finally, this work presents a procedure to improve the GaN
transistor fabrication process and therefore the performance of the device.
2. Experiment Technique
In this study, we intend to determine the exact orientation of the a-GaN and mGaN planes on the coupon samples, followed by investigating the GaN crystallographic
etching with TMAH solution. The GaN channel fingers are firstly fabricated using the
top-down process. The wet etching has been used to reveal the crystallographic planes
on the channel sidewalls. The fabrication process has been depicted in Figure 1. A 7 µm
thick GaN epi-layer wafer (Sample1) grown by Metal-Organic Chemical Vapor Deposition
(MOCVD) on Sapphire substrate is used for this experiment. The size of this square sample
is 1 cm × 1 cm. For this purpose, 180 fingers with 15 × 2 µm2 dimensions oriented from 0◦
to 180◦ with a step of 1◦ are fabricated (Figures 1 and 2).
The fabrication process starts with the deposition of a 1 µm thick SiO2 (PECVD) layer
on the wafer to act as a mask. An e-beam lithography is then performed with PMMA
9% resist for finger definition. The SiO2 is etched using dry etching with CF4/He gas
mixture to transfer the pattern from the resist to the SiO2 mask. This step is followed by
the ICP-RIE using Cl2/Ar gas mixture for etching a 2 µm of GaN for the Fins formation
and, finally, the GaN wet etching is performed using TMAH solution. For this last point,
the recipe mainly consists of TMAH 25% heated in glassware for (80–85 ◦ C) temperature
range with UV-assisted source. It is worth mentioning that GaN wafers de-oxidation using
(1:10) diluted HCl solution before any TMAH wet etching step is very important because it
will prepare the GaN surface for the etching process [34].
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The finger shape after ICP-RIE dry etching is shown in Figure 2a, while the shape of
the same finger after chemical etching is presented in Figure 2b. Figure 2c presents an

the e-beam evaporation. The studied patterns have a star shape consisting of 24 identical
Fins fingers with 250 nm width and 2.3 μm thickness shifted from each other with 15°.
The same fabrication process depicted in Figure 1 has been used to fabricate the Fins fingers, except for the mask, which is metallic here in this second experiment. The vertical
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Figure 3. SEM images for m-GaN and a-GaN sidewalls after 30 min in TMAH solution; (a) m-GaN sidewall; (b) aGaN sidewall.

It can be easily observed from Figure 3a that the m-GaN plane surrounded by the
dashed rectangle has relatively much lower roughness on its surface compared to the a-GaN
plane, which is presented in Figure 3b surrounded by the dashed rectangle. After 10 min
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dashed rectangle has relatively much lower roughness on its surface compared to the a
GaN plane, which is presented in Figure 3b surrounded by the dashed rectangle. After 10
min of wet etching, the a-GaN plane sidewalls are completely vertical, no further smooth
ening occurs after that. The relatively higher etching rate of the a-GaN plane results from
5 of 10
its lower etching resistivity. On the other hand, a 25 min wet etching process is needed to
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Figure 1. Indeed, using the TMAH etching recipe described above, both samples are etched
for 25 min, one with agitation and the other without. The TMAH hydrodynamics flow is
different for these two samples. After etching, the slopes α observed at the bottom of the
fingers are identical on both samples. Furthermore, the Cuboids slope is not depending
on the distance between the two neighbor fingers. Thus, the origin of the Cuboids created

fingers are identical on both samples. Furthermore, the Cuboids slope is not depending
on the distance between the two neighbor fingers. Thus, the origin of the Cuboids created
at the Fins GaN sidewall base after TMAH etching is still not elucidated and needs to be
more investigated.
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a-GaN plane.

Energies 2021, 14, 4241

Figure 5. m-GaN and a-GaN wet etching rate in TMAH solution with and without UV-sour
7 of 10
for m-GaN plane, (b) for a-GaN plane.

It is observable from Figure 5 that the m-GaN etching rate is enhanced from 0
1.1 Itnm/min
by using
light.
Moreover,
the case
etching
rate,
is observable
from UV
Figure
5 that
the m-GaNinetching
rateofisa-GaN
enhanced
from 0.69
to UV ligh
1.1
nm/min
using UV
in the
case of a-GaN etching rate, UV light
hances
theby
etching
ratelight.
fromMoreover,
2.95 to 4.69
nm/min.
enhances
the
etching
rate
from
2.95
to
4.69
nm/min.
After revealing the GaN crystallographic planes, the etching rate will be affect
revealing
the GaN
planes,
etching
rate
will be affected
by both a
theAfter
etching
resistivity
of crystallographic
each plane. We
havethe
plotted
the
etching
depth for
the etching resistivity of each plane. We have plotted the etching depth for both a-GaN and
and m-GaN planes during the wet etching using the SEM measurements for etchin
m-GaN planes during the wet etching using the SEM measurements for etching durations
rationsfrom
ranging
ranging
2 to 12from
min. 2 to 12 min.
Table
1, present
we present
the obtained
results
and compare
them
to those
InIn
Table
1, we
the obtained
results and
compare
them to those
reported
in report
the
theliterature.
literature.
Table 1. GaN crystallographic etching rate (β) of m-GaN and a-GaN planes in TMAH for different wet etching setups.

Table 1. GaN crystallographic etching rate (β) of m-GaN and a-GaN planes in TMAH for different wet etching setups.
Ref

Ref
1
2
3
4

Authors

Authors

Wafer/
Wafer/Subs
Substrate

trate

β
GaN Wet
Etch Time
β
UV Light
Mask
Etching
m-GaN
a-GaN
GaN Wet Etching UV Etch
(min) Time
Mask (nm/min)
m-GaN
Recipe
(nm/min)

Recipe

TMAH, 25%,
85 ◦ C25%, 85
This work
GaN/GaN TMAH,
TMAH, 25%,
2
This work
GaN/GaN TMAH,◦ 25%, 85
This work
GaN/GaN
85 C
TMAH,
25%,
B.
et al.et[35]
GaN/GaN TMAH,◦ 25%, 80
3 Leung
B. Leung
al. [35]GaN/GaN
80 C
F. Horikiri et.
TMAH, 25%,
4
F. Horikiri et al. [41]GaN/GaN
GaN/GaN TMAH,◦ 25%, 85
al.[41]
85 C
1

This work

GaN/GaN

Light

Yes

(min)

14

°C Yes
°CNo No
°CNo No

14
52

14
14
52

°CYes Yes

30

30

(nm/min)
4.69
Ti/Au/Ni
1.09
Ti/Au/Ni
Ti/Au/Ni 0.69 0.69 2.95
2
SiOSiO
0.13 0.13 0.16
2
Ti/Au/Ni

2
SiOSiO
2

1.09

0.1-2

0.1-2

—

a-GaN
(nm/mi
4.69
2.95
0.16
---

shown
in Figure
6, sample2
has a star-shaped
with
24 fingers
identical GaN
AsAs
shown
in Figure
6, sample2
has a star-shaped
pattern withpattern
24 identical
GaN
◦ angles. These GaN fingers were
with
nm 250
width
and
2.3 µm
thickness
separated
by 15
gers250
with
nm
width
and
2.3 μm
thickness
separated
by 15° angles. These GaN fi
characterized
after 30 min
of wet
etching
in TMAH
solution.
were characterized
after
30 min
of wet
etching
in TMAH solution.

Figure
6. Star
shape
pattern
after 30
min30
TMAH
etching (insert:
picture
of the
same pattern
beforepattern
Figure
6. Star
shape
pattern
after
min TMAH
etching
(insert:
picture
of the same
TMAH
etching).
TMAH
etching).

Figure 6 clearly shows that only m-GaN oriented fingers remain after 30 min TMAH
Figure 6 clearly shows that only m-GaN oriented fingers remain after 30 min TM
etching. Meanwhile, all the other Fins have been etched. In this experiment it’s highlighted
etching.
Meanwhile,
other
have
been than
etched.
InGaN
this crystallographic
experiment it’s highlig
that
the GaN
m-plane is all
lessthe
etched
in Fins
TMAH
solution
other
that
the
GaN
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4. Conclusions
This work proposes an orientation determination procedure for crystallographic wet
etching of a-GaN and m-GaN planes. This pre-alignment procedure is very helpful for the
GaN wafers where the exact in-plane crystal orientation is not well identified as for diced
coupons. By using the proposed procedure, the m and a-GaN planes are precisely identified.
An optimized TMAH 25%, 85 ◦ C and UV-assisted recipe has been used to engineer both
a-and m-GaN oriented Fin channels. The etching of m-GaN crystal plane reveals smoother
and more stable channel sidewalls than those on a-GaN oriented Fins. The Cuboids at the
bottom of the GaN fingers are also investigated. Several tests have been performed and still
need more investigation to deeply understand the origin of these Cuboids created during
the TMAH etching. The impact of UV-light utilization on m and a-GaN planes etching
rates in TMAH solution has been investigated. The m-GaN etching rate is enhanced from
0.69 to 1.09 nm/min with UV-light utilization. In the a-GaN plane, the UV-light enhances
the etching rate from 2.94 to 4.69 nm/min. Finally, the obtained results in this work are
innovative and will offer more knowledge about a- and m-GaN planes etching mechanisms
which is a key step in the vertical GaN FinFET fabrication process.
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