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Atomic layer etching (ALE) of thin film GaN (0001) is reported in detail using sequential surface modification by
BCl; adsorption and removal of the modified surface layer by low energy Ar plasma exposure in a reactive ion etching
system. The estimated etching rate of GaN is ~ 0.74 nm/cycle. The GaN is removed from the surface of AlGaN after
135 cycles. To study the mechanism of the etching, the detailed characterization and analyses are carried out, including
scanning electron microscope (SEM), x-ray photoelectron spectroscopy (XPS), and atomic force microscope (AFM). It is
found that in the presence of GaCl, after surface modification by BCl3, the GaCl, disappears after having exposed to low
energy Ar plasma, which effectively exhibits the mechanism of atomic layer etch. This technique enables a uniform and
reproducible fabrication process for enhancement-mode high electron mobility transistors with a p-GaN gate.

Keywords: atomic layer etch, GaN, high electron mobility transistor

PACS: 52.77.Bn, 61.72.uj, 85.30.De

1. Introduction

AlGaN is widely used to construct AlIGaN/GaN het-
erostructures to generate high-density two-dimensional elec-
tron gas (2DEG) for the applications in power electronics.!!7]
AlGaN is also used as a wide band gap electron barrier in
light-emitting diodes and laser diodes.*®! In device manufac-
turing, it is difficult to achieve the uniform and precise height
of the design pattern through conventional etching methods."!
At the same time, it is usually necessary to keep the AlGaN (or

1011 For a normally-off enhancement-

AIN) layer in place.!
mode high electron mobility transistor (e-HEMT) with a p-
GaN gate, a p-GaN cap layer is grown on the AlGaN barrier
layer to deplete the 2DEG in the GaN channel layer under the
AlGaN barrier. To prepare the p-GaN gate and restore the
2DEQG in the access area, it is necessary to completely and
accurately remove the p-GaN cap layer in the access area. It is
expected that the etching process will be smoothly stopped on
the surface of the AlGaN barrier layer through a reproducible
and easy-to-manufacture technology.[!>~14]

In the industry, several studies reported on inductively
coupled plasma (ICP) conventional etching GaN achieved,
such as SF¢/BCl3 plasma with a GaN etching rate of
210 nm/min,"? Cly/Ar/O, plasma with a GaN etching rate
of 550 nm/min, ' C1,/N,/O, plasma with a GaN etching rate
of 320 nm/min,'”! and C1,/N,/O; plasma, low ion bombard-
ment, with a GaN etching rate of 45 nm/min. '8! These studies
tried to fabricate enhancement-mode high electron mobility
transistors with a p-GaN gate through a process which can etch
GaN with a high selectivity over AlIGaN. Compared with con-

ventional etching, atomic layer etching has many advantages
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in uniformity and high aspectratio structure etching.!'%21 In
recent years, some techniques for etching GaN in atomic lay-
ers have been proposed, such as etching GaN by being exposed

to Cly and Ar alternately,?!]

etching GaN by being exposed
to O, and BCl; alternately,!*?! but atomic layer etching has
never been used to fabricate enhancement-mode high electron
mobility transistors with a p-GaN gate.

In this work, a new atomic layer etching process is pro-
posed to remove GaN from AlGaN by being exposed to
BCl; and Ar plasma alternately. In this work an etching
depth is achieved to be 101 nm with the GaN etching rate of

0.73 nm/cycle.

2. Experiment

The atomic layer etching process was conducted in Leu-
ven ICP2127 and the parameters were optimized to obtain an
atomic layer etching GaN stop on Aly,Gag gN, by using the
samples of GaN/Alp,GapgN grown on sapphire substrates.
The 11 cm?-sized samples were patterned by photolithogra-
phy, and then etched with O, plasma.

Two kinds of structures GaN/sapphire (sample 1) and
GaN/AlGaN/sapphire (sample 2) shown in Fig. 1, were used
to study the etching of GaN stop on AlGaN in detail. Both
structures were grown on 4-inch (1 inch=2.54 cm) sapphire
substrates by metal-organic chemical vapor deposition. The
thickness of GaN (sample 1) layer was 80 nm, the thickness
values of GaN and AlGaN were 100 nm and 15 nm, respec-
tively.

The etching depth and profile were characterized by scan-
ning electron microscope (SEM, Regulus8220), revealed the
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mechanism of the self-limited etching which was charac-
terized by x-ray photoelectron spectroscopy (XPS, Thermo
Fisher), smoothness of AlIGaN after being etched was charac-
terized by atomic force microscope (AFM, Bruker Demension
Icon).

200 nm SiN

GaN (100 nm)

200 nm SiN

GaN (80 nm)

Sapphire Sapphire

Sample 1 Sample 2

Fig. 1. Schematic structures of sample 1 and sample 2.

3. Results and discussion

In order to verify the self-limitation of the process, the re-
lationship between the modification time and the etching rate
are studied, and the modification time is set to be 5, 10, 15,
and 40-s per cycle. The etching time is fixed at 15 s, and the
result is shown in Fig. 2. The results show that as the modi-
fication time increases, the time of exposure to BCl3 plasma
in each cycle of the first 10 s increases and the etching rate
also increases. After 10 seconds, as the modification timein-
creases, the etching rate per cycle is still about 0.74 nm per
cycle. By extending the modification time, the etching depth
will no longer increase, which indicates that the modification
step is a self-limiting process.
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Fig. 2. Etching depth per cycle of different modification time (5, 10, 15, and
40 s).

In order to confirm the self-limitation of the etching step,
the relationship between the etching time and the etching rate
is studied. The etching time is set to be 0, 5, 10, 15, and
40 s. and the modification time is fixed at 20 s. All results
are shown in Fig. 3. In Fig. 3, extending the etching time at
the beginning will increase the etching rate. When the etch-
ing rate is about 0.74 nm/cycles, the etching rate tends to be
saturated. The etching depth of each cycle tends to be con-
stant as the etching time increases. In this process, the etching

step presents excellent self-limitation. As shown in Fig. 3,
when the etching time is O s, the etching depth of each cycle is
0 nm. Like ALD, the realization of ALE has long been based
on a series of independent, self-limiting surface reactions to re-
place the complex plasma—surface interactions of steady-state
plasma etching. However, most of ALEs are not perfect, and
there remain a small number of erosion etchimg cycles, and
the etching steps in this article are completely self-limiting.
Considering all the phenomena in Figs. 2 and 3 at the same
time, after the plasma exposure time reaches a certain amount
in the modification step and the etching step, the etching depth
of each cycle tends to be constant, indicating that this process
is a fully self-limiting process.
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Fig. 3. Etch depth per cycle for different etch time (0, 5, 10, 15, and 40 s).
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Fig. 4. Etch depth per cycle of different power (100, 120, 140, and 160 W).

Because the etching step is a self-limiting step as shown
in Fig. 3, when the etching time exceeds 15 s, the length of
the etching time has little effect on the etching depth of each
cycle. But in order to better control the process, the influence
of the power in the process etching step on the etching depth
of each cycle needs studying here in this section. The etching
power is set to be 100 W, 120 W, 140 W, and 160 W, and the
etching time is fixed at 15 s. All results are shown in Fig. 3.
Figure 3 shows that increasing power has little effect on the
etching rate. The reason for this is that the Ar bombardment in
the etching step can completely remove the modified gallium
chloride during the power change in this range. Therefore, it
does not affect the etching rate.
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Because the etching step is a self-limiting step, the length
of the etching time as shown in Fig. 5 has little effect on the
etching depth of each cycle. In order to make the etching depth
of the entire process controllable, the research on the etching
step is very important. Therefore, the influence of the bias
voltage in the process etching step on the etching depth of each
cycle is investigated. The etching bias is set to be 20 V, 30 V,
40V, and 50V, and the etching time is fixed at 20 s. All results
are shown in Fig. 5. With the increase of the bias in the etching
step, the etching depth per cycle increases slightly. The reason
for this is that the bias voltage increases and the ion gains a
greater acceleration. Owing to the increase in bombardment
energy, after the modified layer is completely removed, the re-
maining ion bombardment will continue to produce a small
amount of physical etching on the GaN surface.
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Fig. 5. Etch depth per cycle of different bias (20, 30, 40, and 50 V).

36.7 nm

LEUVEN 5.0kV 8.2mm x150k SE(UL)

Fig. 6. Morphology of GaN surface after 50 cycles of BCl3/Ar plasma etch-
ing.

After the above experiment, the modification time is set to
be 15 s, the etching time 20 s, the etching source power 120 W,
and the etching bias 20 V. The sample 1 is etched for 50 cycles
under this parameter. The etched morphology of the GaN sur-
face, measured by SEM, is shown in Fig. 6. The etching depth
is 36.7 nm, and the etching rate is calculated to be 0.73 nm
per cycle. The BCI; plasma will modify the GaN into gallium
chloride on the GaN surface, and then the Ar plasma is used
to bombard the surface, thus the modified gallium chloride is

removed from the surface. Before etching, there is a 200-nm
SI3Ny serving as a hard mask to form a pattern on the surface.
When using BCI3/Ar plasma to cyclically etch GaN, the
chlorination time is set to be 15 s, the etching time 20 s, the
etching power 120 W, and the etching bias 20 V, the process
of this parameter is applied to etching sample 2. The result is
shown in Fig. 7. Figure 7(a) shows a cross-sectional view of
sample 2 after 137 cycles of etching. The etch depth of GaN
is 102 nm, and the surface damage to AlGaN is only 2 nm.
Figure 7(b) is an oblique view of sample 2 after etching. It can
be observed that the surface of sample 2 is flat and smooth.

(a)

231.7 nm

PLGINT

AlGaN

T
102.0 nm

Fig. 7. (a) Cross-sectional view of sample 2 after etching, and (b) oblique
view of sample 2 after etching.

9.3 nm

0.6

Height sensor
11.8 nm

Height sensor

Fig. 8. (a) Topography of (a) 3 pmx3 pm surface of GaN before etching and
(b) 5 pmx5 um surface of AlGaN surface after etching.

After 137 cycles of etching, the surface is accurately
stopped on the AlGaN surface, and on the basis of meeting
the requirements of the device in terms of morphology, the
atomic force microscope (AFM) is used to characterize the
surface before and after the etching. The GaN before etching
and the AlGaN after etching are characterized, and the results
are shown in Fig. 8. Figure 8(a) shows the topography of the
3 umx3 pm surface of GaN before etching, and its average
roughness is 2.94 nm. Figure 8(b) displays the topography of
the 5 pm x5 pum surface of the AlGaN surface after etching,
with an average roughness of 1.78 nm. It can be seen from the
measurement results that this process meets the requirements
of device design from the perspective of surface roughness.
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Fig. 9. Ga (3d) CL spectra observed at different values of bond energy of
17.5eV, 19.2 eV, and 18.6 eV for the initial sample, sample modification,
and sample etching, respectively; deconvoluted Ga (3d) XPS spectra of (b)
initial sample, (c) modified sample, and (d) etched sample.

In order to study the chemical state and the interaction be-
tween the chemically adsorbed chlorine and the film surface,
XPS is used to characterize the chemical state of the GaN sur-

GaN (100 nm) GaN (100 nm)

=

Sapphire

Sapphire

Sample 2 Sample 2

U Sample 2

face of different samples, and the results are shown in Fig. 9.
Figure 9(a) shows the peak positions of the XPS Ga (3d) CL
spectra observed at different values of bond energy of 17.5 eV,
19.2 eV, and 18.6 eV for the initial sample, sample modifica-
tion, and sample etching. As shown in Fig. 7, the character-
istic peak of Ga—Cl does not appear in the peak coupling of
the initial Ga (3d) CL spectrum of the sample, but occurs after
BCl; plasma modification. After the etching step, the Ga—Cl
characteristic peak disappeared.

According to the characterization analysis of XPS, the
etching mechanism of BCI3/Ar plasma anisotropic atomic
layer is shown in Fig. 10. It indicates that there is no chlo-
rine on the GaN surface at the initial stage. After ICP plasma
chlorination, chlorine is adsorbed on the surface. At the etch-
ing step, owing to the low-energy bombardment of Ar plasma,
the adsorbed chloride on the surface is removed. The modi-
fication of the process is that chlorine gas adsorbs on the sur-
face to form a chlorinated layer, and then Ar low-energy bom-
bardment removes the chloride. BClz/Ar plasma anisotropic

atomic layer etching is the repeating of the process.

200 nm
SiN

GaN (100 nm)

Sapphire

137 cycles

Sample 2

e BCl3
e Ar

Fig. 10. Schematic diagram of BCI3/Ar plasma anisotropic atomic layer etching mechanism.

4. Conclusions and perspectives

In this paper, BCl3 plasma cycle and Ar plasma cycle are
used to etch GaN alternately, and the self-limiting of atomic
layer etching is used. The etching depth of each cycle is about
0.73 nm, and the etching is controlled precisely by controlling
the number of etching cycles. As a result, the etching process
accurately stops on AlGaN after removing the GaN. This tech-
nology can provide a new and repeated manufacturing process
for enhancement mode high-electron-mobility transistors with
P-GaN gates. The O, plasma etching process and BCl3 plasma
etching process are both self-limiting process for the change of
chlorination time parameters and also self-limiting for other
parameters. It is not sensitive to the changes of other process
parameters, so it has extremely high stability. Limited to the
experimental conditions, its electrical properties, and the ac-

tual device performance still need firther verifying.
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