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Abstract: This paper reports on the use of low-damage atomic layer etching (ALE) performed using
O2 and BCl3 plasma for etching (Al)GaN. The proposed ALE process led to excellent self-limiting
etch characteristics with a low direct current (DC) self-bias, which resulted in a high linearity between
the etching depth and number of cycles. The etching damage was evaluated using several methods,
including atomic force microscopy, photoluminescence (PL), and X-ray photoelectron spectroscopy,
and the I–V properties of the recessed Schottky diodes were compared with those of digital etching
performed using O2 plasma and HCl solution. The electrical characteristics of the recessed Schottky
diode fabricated using the proposed ALE process were superior to those of the diodes fabricated
using the conventional digital etching process. Moreover, the ALE process yielded a higher PL
intensity and N/(Al + Ga) ratio of the etched AlGaN surface, along with a smoother etched surface.

Keywords: GaN; AlGaN; atomic layer etching; low damage etching

1. Introduction

GaN-based high electron mobility transistors have been developed for use in high-
frequency amplifiers and high-voltage power switching applications owing to their high
breakdown voltage, large bandgap, and high electron carrier velocity [1]. In terms of device
fabrication, GaN-related materials including AlGaN are physically and chemically stable,
and thus, plasma etching is a typical technique to realize the etching of (Al)GaN. The etch-
ing process considerably influences the device characteristics, especially in cases in which
the etch depth must be precisely controlled, and/or the plasma-induced damage must be
minimized. For example, the current level and dynamic current collapse characteristics
of recessed gate structures in field-effect transistors [2–4] or diodes [5–7] are considerably
dependent on the recess depth and trap states at the etched surface. Although conventional
plasma-etching methods, such as reactive ion etching (RIE) and inductively coupled plasma
(ICP)-RIE [8–11], are still being widely used, a digital etching process involving the O2
plasma oxidation of (Al)GaN in conjunction with HCl:H2O solution-based oxide removal
has received considerable attention owing to the associated low etching damage and easy
control of the recess depth. However, this process is labor-intensive due to the combination
of the plasma oxidation and wet etching processes and involves a low etch rate [12]. In
this context, the realization of an atomic layer etching (ALE) process, which is an in situ
digital etching process and has relatively high etch rates with low etching damage [13–16],
is desirable. To exploit the advantages of the ALE process, the process conditions must
be optimized to minimize the plasma-induced etching damage and to attain self-limiting
characteristics to precisely control the etch depth.

To this end, in this study, we report on an ALE process performed using O2 and BCl3
plasma, which exhibits a low DC self-bias and self-limiting characteristics. The etching
damage was evaluated using the atomic force microscopy (AFM), photoluminescence (PL),
and X-ray photoelectron spectroscopy (XPS) techniques, and the I–V characteristics of the
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Schottky diodes were compared with those of the diodes fabricated using the conventional
digital etching process performed using O2 plasma and HCl solution.

2. Experiments
2.1. ALE Process

The ALE process was performed in a BMR HiEtch ICP etch system [17] (BMR Technol-
ogy, New Jersey, NJ, USA) in which the chuck temperature was set to 5 ◦C using a helium
backside cooling system and the chamber was evacuated using a turbo pump. A detailed
system diagram is shown in Figure 1.

Figure 1. Schematic diagram of BMR HiEtch inductively coupled plasma (ICP) etcher.

An AlGaN layer was oxidized using O2 plasma, and the oxidized layer was removed
using the BCl3 plasma. The gas flow rates for O2 and BCl3 were 50 and 10 sccm, respectively.
After the O2 and BCl3 plasma steps, a pumping step was conducted for 30 s to avoid
sample contamination by any residual O2 or BCl3 gas. The pressures during the O2 and
BCl3 plasma processes were 50 mTorr and 10 mTorr, respectively, and the effects of the
ICP and bias powers on the DC self-bias were investigated, as shown in Figure 2. It was
observed that the DC self-bias increased and decreased with an increase in the bias power
and ICP power, respectively. Although the DC self-bias values measured in the system
seemed to be too low considering a floating potential that could not be eliminated, it was
clear that a lower DC self-bias could be achieved with a lower bias power and a higher ICP
power. The exact evaluation of the floating potential was not able to be measured in the
system. In order to reduce the ion bombardment energy at the surface, lower DC self-bias
conditions were selected; bias powers of 3 and 2 W were selected for the O2 and BCl3 steps,
respectively, during which the ICP power was set as 400 W.

The wafer structure used for the etching test consisted of a 3.8 nm GaN cap layer, a
22.6 nm AlGaN barrier layer, a 511 nm i-GaN channel layer, and a buffer layer grown on a
Si substrate. First, the GaN cap layer was etched by Cl2/BCl3-based inductively coupled
plasma-reactive ion etching. Then, a SiNx film was deposited as an etch mask layer. After
the ALE process, the SiNx mask layer was removed using dilute hydrofluoric acid (DHF),
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and the etch depths of the samples were measured using the AFM technique. Figure 3
shows the etch rate per cycle of the ALE for varying O2 and fixed BCl3 plasma times per
cycle and varying BCl3 and fixed O2 plasma times. The etch rate increased as the O2 plasma
time increased to 60 s under constant BCl3 plasma times. Above 60 s, the etch rate remained
fairly constant. Moreover, the etch rate increased as the BCl3 plasma time increased to 45 s
at a fixed O2 plasma time of 60 s. Above 45 s, the etch rate was saturated.

Figure 2. DC self-bias under varying bias powers at the (a) O2 and (b) BCl3 plasma steps, and under varying ICP powers at
the (c) O2 and (d) BCl3 plasma steps.

Figure 3. Etch rate per cycle of the atomic layer etching (ALE) for (a) varying O2 and fixed BCl3 plasma times per cycle and
(b) varying BCl3 and fixed O2 plasma times.

As mentioned previously, the self-limiting behavior of ALE must be realized to ensure
a high linearity between the etching depth and the number of cycles. Therefore, the etch
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rates of GaN and AlGaN when using BCl3 plasma were investigated under a fixed ICP
power of 400 W and varying bias power, as shown in Figure 4.

Figure 4. Etch rate when using BCl3 plasma under a fixed ICP power of 400 W and varying
bias powers.

The GaN and AlGaN layers were not etched at a bias power of 2 W, and the etch rates
appeared to increase with an increase in the bias power. This finding indicates that the
proposed ALE technique is a self-limiting etch process at the bias power of 2 W when using
BCl3 plasma. Therefore, the optimized ALE process conditions were determined, as listed
in Table 1.

Table 1. Optimized ALE process conditions.

Parameter O2 Plasma Step BCl3 Plasma Step

ICP power (W) 400 400
Bias power (W) 3 2
DC self-bias (V) 4 3.8

Chamber pressure (mTorr) 50 10
Gas flow rate (sccm) 50 10

Plasma time (s) 60 45

A high linearity was noted between the etch depth and number of cycles in the ALE,
indicating that the etch depth could be controlled in the digital etching technique, as shown
in Figure 5.

Figure 5. Etch depth versus number of etching cycles.
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2.2. Digital Etching Process

To realize the digital etching using O2 plasma and HCl solution, a microwave plasma
asher was used to conduct the plasma oxidation, because microwave-excited plasma is
characterized by a high density and low plasma-induced damage. Subsequently, an HCl:
H2O (1:3) solution at 80 ◦C was used to remove the oxide because HCl can effectively
remove oxides [18,19].

To examine the effect of the O2 plasma time, several O2 plasma times were considered
for a fixed HCl dipping time. As shown in Figure 6, the etch rate per cycle increased
as the O2 plasma time increased to 3 min. After 3 min, the etch rate remained constant.
Under a fixed plasma oxidation time of 3 min and varying HCl dipping times, the etch rate
increased as the HCl dipping time increased to 4 min and then stabilized.

Figure 6. Etch rate per cycle of the digital etching performed under (a) varying O2 plasma times and fixed HCl dipping
time and (b) varying HCl dipping times and fixed O2 plasma time.

2.3. Etching Damage Evaluation

The etching damage was evaluated using Schottky diodes fabricated on the etched
n-GaN surfaces. We applied n-GaN-on-Si wafers that consisted of a 300 nm n-GaN drift
layer with a-Si doping concentration of 2.5 × 1017 cm−3, a 700 nm highly doped n-GaN
contact layer with a-Si doping concentration of (2–3) × 1018 cm−3, a 3900 nm GaN buffer
layer, and a Si substrate. The device fabrication was initiated by solvent cleaning using
acetone, methanol, and isopropanol. Subsequently, a SiNx passivation layer of 200 nm
was deposited as a mask layer. Ohmic contacts were subsequently formed through Ti/Al
metallization and rapid thermal annealing at 550 ◦C in an N2 ambient atmosphere for 1 min.
The SiNx layer was opened through SF6-based RIE at 20 W, and the exposed GaN layer
was etched to a depth of 5 nm by using two different methods, i.e., ALE and digital etching.
After the SiNx opening process, Ni/Au (40/200 nm) metal electrodes were deposited
through e-gun evaporation. The circular electrodes had diameters of 50 µm and were
separated from a concentric contact with a gap of 15 µm. The device cross-section is shown
in Figure 7.

The surface roughness of the AlGaN surfaces following the etching processes was
evaluated using the AFM technique in the non-contact mode. Furthermore, the XPS
analysis was conducted to investigate the stoichiometry of the etched surfaces. The surface
roughness and XPS analysis were carried out with the witness wafers used for the etch rate
test. The PL intensity was measured at room temperature to evaluate the etching damage
of each digital etching process by using a 266 nm laser with a power density of 2 W/cm2.
The wafer structure used for the PL measurement consisted of a 1000 nm i-GaN layer and
a 300 nm buffer layer grown on a Si substrate.
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Figure 7. Cross-section of the Schottky diodes fabricated on n-GaN.

3. Results and Discussion

Figure 8 presents the I–V characteristics of the fabricated diodes and the ideality
factors determined from the electrical measurements [20,21]. The ideality factor in the
low forward bias region is an indicator for the trap-assisted recombination. As shown
in Figure 8b, the slope of the forward bias region was not uniform for the digital etching
case, which resulted in non-uniform ideality factor behavior in Figure 8d. On the other
hand, the ALE case exhibited more uniform and lower ideality factor behavior at the low
bias region. Therefore, it is suggested that the plasma-induced damage caused by the
ALE process is less than that caused by the digital etching process. The increase in the
ideality factor at the high forward bias region in Figure 8d is due to the fact that the diode
current does not increase exponentially with the applied voltage [22,23]. The ideality factor
determined at applied voltages of 0.1 to 0.3 V was ~1.1 and 1.8–2.5 for the diodes fabricated
using the ALE and digital etching, respectively. The zero-bias barrier heights were 0.81
and 0.72 eV for the diodes fabricated using the ALE and digital etching, respectively, and a
lower reverse current of 4.8 nA at −2 V occurred at the ALE diodes. These results indicated
that the ALE incurred lower etching damage than the digital etching, resulting in better
electrical characteristics.

To further investigate the etching damage, the PL intensity was measured at the
etching depth of ~5 nm. As shown in Figure 9, a lower near-band-edge PL intensity was
observed in the samples etched using the digital etching than those in the samples etched
using the ALE. This finding indicated that fewer non-radiative recombination centers such
as N vacancies were present in the sample etched using the ALE [24–26].

The chemical composition of the AlGaN surfaces was investigated using XPS analysis.
The fitting results of Al 2p, Ga 3d, and N 1s peaks for the AlGaN samples etched using either
ALE and digital etching are shown in Figure 10. Larger Al–O and Ga–O peak intensities
were observed for the AlGaN surface etched using digital etching, which indicates that
the ALE process is more effective for oxide removal in comparison with the digital etching
process. In addition, the ratio of N/(Al + Ga) was 0.9 for the ALE sample and 0.82 for the
digital etching sample, which suggests that fewer N vacancies were generated during the
ALE process [27–29].
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Figure 8. I–V curves of the fabricated Schottky diodes. (a) Forward I–V characteristics (linear scale), (b) forward I–V
characteristics (log scale), (c) reverse I–V characteristics (log scale), and (d) ideality factors.

Figure 9. Photoluminescence (PL) characteristics for the etched GaN.
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Figure 10. XPS fitting results of the Al 2p, Ga 3d, and N 1s peaks for the AlGaN samples fabricated using the digital etching
(a–c) and ALE (d–f) processes.

The surface morphologies of the etched samples were measured using the AFM
technique. Figure 11 shows the images of a 3 × 3 µm2 area for the samples before and after
etching. The root mean square values of the surface roughnesses for the ALE sample and
digital etching sample were 0.2 and 0.25 nm, respectively, while the surface before etching
was 0.19 nm. These results indicate that the generation of the N vacancies could be reduced
using the ALE [30–32].

Figure 11. Atomic force microscopy (AFM) images of the surfaces etched using (a) ALE and (b) digital etching and (c) the
as-grown surface before etching.
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4. Conclusions

ALE using O2 and BCl3 plasma in an ICP-RIE system was developed to realize a
self-limiting etching process with low etching damage. The ALE process conditions for the
O2 plasma step were as follows: ICP power of 400 W, bias power of 3 W, chamber pressure
of 50 mTorr, DC self-bias of 4 V, and plasma time of 60 s. The ALE process conditions for
the BCl3 plasma step included ICP power of 400 W, bias power of 2 W, chamber pressure
of 10 mTorr, DC self-bias of 3.8 V, and plasma time of 45 s, which resulted in the etch rate
of 0.7 nm/cycle. The etching damage was investigated using various evaluation methods
including AFM, PL, and XPS, and the I–V characteristics of recessed Schottky diodes were
compared to those obtained using a conventional digital etching process using O2 plasma
oxidation and HCl-solution-based oxide removal. The ALE using O2 and BCl3 plasma
led to better electrical characteristics of the Schottky diodes, as well as higher PL intensity,
increased N/(Al + Ga) ratio, and a smoother etched surface compared with those of the
conventional digital etching process using O2 plasma and HCl solution. In addition, the
ALE technique exhibited excellent self-limiting characteristics and ensured a high linearity
between the etch depth and number of cycles. The proposed ALE process was noted to be
promising to be applied for (Al)GaN etching, in which the precise control of the etch depth
and low etching damage are necessary.
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