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Abstract: In this study, we conducted an optimization of a low-damage selective etching process
utilizing inductively coupled plasma-reactive ion etch (ICP-RIE) with a fluorine-based gas mixture.
This optimization was carried out for the fabrication of p-GaN gated AlGaN/GaN enhancement-
mode (E-mode) heterojunction field-effect transistors (HFETs). The optimum process conditions
resulted in an etch selectivity of 21:1 (=p-GaN:Al0.2Ga0.8N) with a p-GaN etch rate of 5.2 nm/min and
an AlGaN etch rate of 0.25 nm/min. In comparison with an oxygen-based selective etching process,
the fluorine-based selective etching process demonstrated reduced damage to the etched surface.
This was confirmed through current–voltage characteristics and surface roughness inspections. The
p-GaN gated AlGaN/GaN E-mode device, fabricated using the optimized fluorine-based selective
etching process, achieved a high threshold voltage of 3.5 V with a specific on-resistance of 5.3 mΩ.cm2

for the device and with a gate-to-p-GaN gate distance of 3 µm, a p-GaN gate length of 4 µm, and a
p-GaN gate-to-drain distance of 12 µm. The catastrophic breakdown voltage exceeded 1350 V.

Keywords: p-GaN; AlGaN/GaN heterojunction; enhancement mode; selective etching; fluorine

1. Introduction

Wide-bandgap semiconductors, notably Gallium Nitride (GaN), have revolutionized
the field of power electronics. GaN power devices represent a transformative leap from
traditional silicon-based counterparts due to their exceptional electrical properties, making
them a promising solution for the ever-growing demand for more efficient, compact,
and high-performance electronic systems [1]. The primary advantage of GaN lies in its
exceptional material properties, which encompass a wide bandgap (3.4 eV), high electron
mobility, and a substantial breakdown field. These attributes lead to reduced conduction
losses and enhanced switching capabilities, enabling GaN devices to function efficiently at
elevated frequencies and temperatures and rendering them well-suited for a wide range of
power applications.

AlGaN/GaN heterojunctions exhibit two-dimensional electron gas (2DEG) channels
at the interface between AlGaN and GaN, featuring high electron densities typically in
the range of 1013 cm−2, a result of spontaneous and piezoelectric polarization effects [2].
Nevertheless, it is imperative to acknowledge that these pronounced polarization effects
present a challenge for enhancement-mode (E-mode) operation. E-mode operation in GaN
power devices is of paramount importance in power electronics applications. It allows for
easy control of the device. In E-mode, the transistor is normally off at zero gate voltage,
which simplifies the device’s behavior and ensures a default state of non-conduction. This
is particularly advantageous in power management applications where precise control
of power flow and on/off switching is crucial. E-mode operation also minimizes power
consumption when the device is in standby or off states, reducing wasted energy and
increasing overall efficiency. This is especially critical in modern power electronics, where
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energy efficiency is a primary concern. In the pursuit of E-mode operation in GaN power
devices, various techniques have been developed with the common objective of depleting
the 2DEG channel beneath the gate region at zero gate voltage [3–8]. An example of
this progress is the availability of commercially accessible p-GaN gated AlGaN/GaN
heterojunction field-effect transistors (HFETs). In this structure, the p-GaN layer, denoting
p-type GaN, serves as the gate region that can be turned on or off by applying a voltage
to control the flow of electrons in the channel. Positioned beneath the p-GaN layer is an
AlGaN barrier layer, which is engineered to have a wide bandgap and acts as a barrier
between the p-GaN and the 2DEG channel. Subsequently, located beneath the AlGaN layer,
there exists a GaN channel layer, forming the 2DEG channel between the AlGaN and GaN
layers.

The fabrication of a p-GaN gated AlGaN/GaN HFET can be accomplished typically
through either a p-GaN etching process or a p-GaN epitaxial regrowth process [9–12]. The
p-GaN etching process is more commonly employed, as the regrowth process entails a more
intricate procedure. The regrowth process involves etching the AlGaN layer under the
gate region, followed by the regrowth of the p-GaN or p-GaN/AlGaN layer. Therefore, the
interface quality between the upper regrown layer and the etched surface is critical. After
regrowth, the region outside the gate area must undergo etching to remove the p-GaN layer,
as the p-GaN layer is necessary only for the gate area. This etching process is less sensitive
than in cases that do not employ the regrowth process, because the AlGaN layer thickness
can be independently designed, unlike in conventional E-mode p-GaN/AlGaN/GaN
epitaxial structures. Thus, slight over-etching does not significantly affect the device
characteristics. Therefore, the advantage of the regrowth process is the high 2DEG channel
density in the etched AlGaN/GaN region, which can reduce the on-resistance. However,
the disadvantage is the complex wafer process and higher cost; the wafer must undergo
the epitaxial growth process again during fabrication. From a fabrication standpoint, the
etching process is simpler than the regrowth process if the etch depth is precisely controlled.
The typical epitaxial structure utilized for the p-GaN gated E-mode HFET comprises p-
GaN/AlGaN/GaN where the thickness of the p-GaN layer is at least several tens of nm
and the AlGaN barrier beneath the p-GaN layer ranges between 10 nm and 15 nm. When
subjecting the p-GaN layer to a plasma-based etching process, it is crucial to precisely
control the depth of p-GaN etching while minimizing plasma-induced damage. Given the
thinness of the AlGaN barrier layer, even slight over-etching of the AlGaN layer or plasma-
induced damage at the etched surface can substantially reduce the 2DEG channel density,
increasing the on-resistance. Thus, research efforts have been dedicated to selectively
etching the p-GaN layer, utilizing either oxygen-based processes [13–17] or fluorine-based
plasma etching [18–22]. In the context of the selective etching process, the inclusion of an
over-etching step is essential to guarantee the complete removal of the p-GaN layer. This
over-etching step exposes the AlGaN surface to plasma bombardment. Consequently, the
optimization of the selective etching process necessitates a meticulous examination of both
selectivity and plasma-induced damage.

In this study, we have developed a low-damage, fluorine-based selective etching
process for the fabrication of E-mode p-GaN gated AlGaN/GaN HFETs. We conducted
a comprehensive investigation into the effects of various etching process parameters,
including SF6 gas concentration, chamber pressure, bias power, and ICP power. The
optimized process recipe was effectively utilized to demonstrate an E-mode device with
promising characteristics.

2. Selective Etching Process Optimization

We designed a fluorine-based selective etching process using a gas mixture comprising
BCl3 and SF6. Our optimization efforts focused on investigating several process parameters,
including gas concentration, chamber pressure, bias power, and ICP power. The process
optimization sequence unfolded as follows: The most pivotal parameter in selective etching
is the fluorine concentration, which plays a crucial role in halting the etching process at the
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AlGaN surface. Our initial step involved determining the highest selectivity condition for
the fluorine concentration within a total gas flow rate of 40 sccm. The initial conditions for
the other process parameters were a chamber pressure of 20 mTorr, a bias power of 20 W,
and an ICP power of 600 W, all conducted at a fixed chamber temperature of 60 ◦C. After
identifying the optimal fluorine concentration, we then varied the chamber pressure to
enhance selectivity. Our target selectivity was set at a minimum of 10:1 (p-GaN:AlGaN)
and ideally exceeding 20:1. During the etching phase, we monitored the DC-bias voltage as
an indicator of plasma-induced damage. The DC-bias voltage reflects the acceleration of
positive ions towards the surface, a major contributor to surface damage. Consequently,
the DC-bias voltage measured during the etching process plays an important role in
determining the process conditions. Both the etch rate and the DC-bias voltage exhibit
strong dependencies on chamber pressure and bias power. To maintain high selectivity
while reducing the DC-bias voltage, we systematically varied chamber pressure, bias power,
and ICP power within wide ranges. The experiments are elaborated upon in detail in the
following sections.

2.1. Effects of SF6 Gas Concentration

During the etching process, when the AlGaN surface is exposed to a fluorine-based
plasma environment, the interaction between aluminum (Al) and fluorine (F) leads to
the formation of an etch-resistant aluminum fluoride (AlFx) layer, acting as an etching
barrier [21]. However, fluorine can also react with gallium (Ga) in the p-GaN, resulting
in the formation of involatile gallium fluoride (GaFx) [22]. An excess of fluorine, leading
to the dominance of GaFx, can reduce the etch rate for the p-GaN layer and compromise
selectivity. Therefore, the fluorine concentration in the gas mixture is a critical parameter in
the selective etching process.

Selective etching experiments were conducted using p-GaN and Al0.2G0.8N layers
under the following conditions: chamber pressure of 20 mTorr, bias power of 20 W, ICP
power of 600 W, chamber temperature of 60 ◦C, and a total gas flow of 40 sccm. The
gas mixture comprised BCl3 and SF6, with varying gas ratios. Figure 1a shows the etch
rates for GaN and AlGaN as a function of the SF6 ratio, while Figure 1b presents the
DC-bias voltage measured during the etching process and the selectivity between p-GaN
and AlGaN. In Figure 1a, the etch rate for p-GaN increases as the SF6 ratio rises, while
the etch rate for AlGaN remains relatively constant with changes in the gas ratio. The
peak etch rate for GaN was achieved with a gas ratio of BCl3:SF6 = 65:35, resulting in a
selectivity of p-GaN:AlGaN = 4.5:1. The DC-bias voltage measured during the etching
process decreased with an increasing SF6 ratio.
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2.2. Effects of Chamber Pressure

The impact of chamber pressure was investigated using an SF6 gas ratio of 35%, which
provided the highest selectivity. Chamber pressure was varied from 10 mTorr to 35 mTorr,
while other conditions remained consistent with the previous experiments. As shown
in Figure 2, both p-GaN and AlGaN etch rates decreased as chamber pressure increased.
Figure 2b demonstrates that the DC-bias voltage exhibited a similar trend. Higher chamber
pressure enhances reactivity with fluorine, generating more AlFx and GaFx compounds,
which in turn reduces the etch rate. It is noteworthy that no further reduction in the etch
rate for AlGaN was observed beyond a chamber pressure of approximately 30 mTorr. The
highest selectivity of p-GaN:AlGaN = 8:1 was achieved at a chamber pressure of 30 mTorr,
with etch rates for p-GaN and Al0.2Ga0.8N of 1.9 nm/min and 0.24 nm/min, respectively.
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2.3. Effects of Bias Power

The effects of bias power were investigated under the following etching conditions: SF6
ratio of 35%, chamber pressure of 30 mTorr, ICP power of 600 W, and chamber temperature
of 60 ◦C. Bias power was varied from 20 W to 35 W. Figure 3 illustrates that the etch rates
and the DC-bias increased with increasing bias power. The highest selectivity was achieved
at a bias power of 25 W, resulting in etch rates for p-GaN and Al0.2Ga0.8N of 5.46 nm/min
and 0.36 nm/min, respectively. The DC-bias voltage measured during the etching process
was 80 V.
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2.4. Effects of ICP Power

Finally, the impact of ICP power was investigated by varying it from 200 W to 800 W
under the etching conditions of an SF6 ratio of 35%, chamber pressure of 30 mTorr, bias
power of 25 W, and chamber temperature of 60 ◦C. The resulting etch rates and measured
DC-bias voltage are plotted in Figure 4a,b. While no significant change was observed in the
DC-bias voltage, the etch rate for AlGaN slightly increased with higher ICP power, leading
to a reduction in selectivity. The highest selectivity of p-GaN:AlGaN = 23:1 was achieved
with an ICP power of 200 W. Although there was a small difference in selectivity between
200 W and 400 W, the surface roughness after etching with an ICP power of 400 W was
better than at 200 W, with surface roughness values of 0.806 nm and 1.148 nm, respectively.
Therefore, an ICP power of 400 W is recommended.

Electronics 2023, 12, x FOR PEER REVIEW 5 of 13 
 

 

  
(a) (b) 

Figure 3. Dependence of bias power on (a) the etch rates of p-GaN and Al0.2Ga0.8N, and (b) the DC-
bias voltage measured during the etching process and the resulting selectivity. 

2.4. Effects of ICP Power 
Finally, the impact of ICP power was investigated by varying it from 200 W to 800 W 

under the etching conditions of an SF6 ratio of 35%, chamber pressure of 30 mTorr, bias 
power of 25 W, and chamber temperature of 60 °C. The resulting etch rates and measured 
DC-bias voltage are plotted in Figure 4a,b. While no significant change was observed in 
the DC-bias voltage, the etch rate for AlGaN slightly increased with higher ICP power, 
leading to a reduction in selectivity. The highest selectivity of p-GaN:AlGaN = 23:1 was 
achieved with an ICP power of 200 W. Although there was a small difference in selectivity 
between 200 W and 400 W, the surface roughness after etching with an ICP power of 400 
W was better than at 200 W, with surface roughness values of 0.806 nm and 1.148 nm, 
respectively. Therefore, an ICP power of 400 W is recommended. 

  
(a) (b) 

Figure 4. Dependence of ICP power on (a) the etch rates of p-GaN and Al0.2Ga0.8N, and (b) the DC-
bias voltage measured during the etching process and the resulting selectivity. 

Based on these experiments, the optimal etching process conditions were determined 
as follows: SF6 gas ratio of 35% (i.e., BCl3:SF6 = 26:14 sccm), chamber pressure of 30 mTorr, 
bias power of 25 W, ICP power of 400 W, and chamber temperature of 60 °C. These con-
ditions resulted in an etch selectivity of p-GaN:AlGaN = 21:1 (i.e., p-GaN:Al0.2Ga0.8N = 
5.2:0.25 nm/min). 

  

Figure 4. Dependence of ICP power on (a) the etch rates of p-GaN and Al0.2Ga0.8N, and (b) the
DC-bias voltage measured during the etching process and the resulting selectivity.

Based on these experiments, the optimal etching process conditions were determined
as follows: SF6 gas ratio of 35% (i.e., BCl3:SF6 = 26:14 sccm), chamber pressure of 30 mTorr,
bias power of 25 W, ICP power of 400 W, and chamber temperature of 60 ◦C. These
conditions resulted in an etch selectivity of p-GaN:AlGaN = 21:1 (i.e., p-GaN:Al0.2Ga0.8N =
5.2:0.25 nm/min).

3. Comparison of Selective Etching Processes

Earlier, we reported on an oxygen-based selective etching process with optimal con-
ditions, including a gas flow rate of Cl2/N2/O2 = 40/10/2 sccm, a chamber pressure of
20 mTorr, an ICP power of 2000 W, a bias power of 25 W, and a chuck temperature of
60 ◦C [17]. This process resulted in significantly higher selectivity of p-GaN:AlGaN =
53:1 compared to the fluorine-based etching process developed in this study, which was
p-GaN:AlGaN = 21:1. However, the oxygen-based etching process required very high ICP
power, which could potentially cause more damage to the etched surface. The ICP power
for the oxygen-based process was five times higher than that for the fluorine-based process.
As a result, the DC-bias voltage measured during the etching process was 198 V for the
oxygen-based selective etching process, which was more than two times higher than that
for the optimum fluorine-based selective etching process (i.e., 80 V).

We investigated the effects of each etching process on the electrical characteristics of
etched AlGaN/GaN heterostructures prepared by two different selective etching processes.
The initial epitaxial structure consisted of p-GaN/Al0.2Ga0.8N/GaN, with a p-GaN thick-
ness of 70 nm and an AlGaN thickness of 15 nm. The p-GaN layer was selectively etched by
either an oxygen- or a fluorine-based selective etching process, followed by the formation
of ohmic contacts and mesa isolation.

Firstly, Hall measurements were conducted to determine the sheet resistance and
2DEG concentration for both samples. The Hall measurement pattern was fabricated on the
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selectively etched AlGaN surface, which featured four ohmic electrodes at the corners of a
square-shaped channel area of 450 × 450 µm2. The measurement results are summarized
in Table 1. The oxygen-based selective etching process resulted in a sheet resistance of
2147 Ω/� and a 2DEG concentration of 4.4 × 1012/cm2, while the fluorine-based process
resulted in a sheet resistance of 978 Ω/� and a 2DEG concentration of 5.9 × 1012/cm2. Due
to the selective etching process, the thickness of the remaining AlGaN barrier layer was
consistent in both samples. Consequently, the difference resulted from plasma-induced
damage at the surface, where damage-induced trap states play a significant role. Residual
species, dangling bonds, and related surface-pinning effects can modify the 2DEG density
and channel mobility. It is essential to note that the AlGaN layer is only 15 nm thick,
making it highly sensitive to any alterations in surface conditions.

Table 1. Sheet resistance and 2DEG concentration extracted from Hall measurements for the samples
prepared using oxygen- and fluorine-based selective etching processes. The Hall measurement pattern
was fabricated on top of the etched AlGaN/GaN surface with a channel area of 4.4 × 1012/cm2.

Cl2/N2/O2 BCl3/SF6

Sheet resistance (Ω/�) 2147 978
2DEG concentration (/cm2) 4.4 × 1012 5.9 × 1012

Secondly, the current–voltage (I–V) characteristics were also measured between two
ohmic electrodes placed at a distance of 12 µm from each other. As illustrated in Figure 5,
the sample that was fabricated using the fluorine-based selective etching process exhibited
a significantly higher current density when compared to the sample prepared using the
oxygen-based process. Since the thickness of the AlGaN barrier layer remains consistent
after the selective etching process in both samples, it is suggested that the superior I–V
characteristics are associated with reduced surface damage.
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The etched surface of both samples was inspected using atomic force microscopy
(AFM). The pristine surface before etching had an RMS roughness of 1.335 nm, shown
in Figure 6a. The etched surfaces of the samples fabricated using the oxygen-based and
the fluorine-based selective etching processes exhibited roughness values of 1.124 nm and
0.916 nm, respectively, as shown in Figure 6b,c. This noticeable improvement in surface
roughness suggests a smoother etching process when using the fluorine-based etching
process.

These findings indicate that while the oxygen-based selective etching process yields
higher selectivity, it requires significantly higher ICP power, which causes significant
damage to the etched surface and results in a higher sheet resistance. On the other hand,
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the fluorine-based selective etching process provides lower sheet resistance, higher 2DEG
concentration, and improved surface morphology, making it a promising alternative with
reduced plasma damage to the etched surface.
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4. Device Fabrication Using Optimum Selective Etching Process
4.1. Device Fabrication

The optimized selective etching process was employed for the fabrication of E-mode
p-GaN gated AlGaN/GaN HFETs. The epitaxial structure comprised a 70 nm p-GaN
layer, a 15 nm Al0.2Ga0.8N barrier layer, a 200 nm GaN channel layer, and a 5.2 µm buffer
layer grown on a 1 mm thick Si (111) substrate. The p-GaN layer was doped with Mg.
After thorough solvent and acid cleaning, the p-GaN gate region was defined using pho-
tolithography, and the optimized fluorine-based selective etching process was applied to
etch the p-GaN layer outside the gate area. After completing the selective etching process,
the etch depth was verified using AFM. Then, the wafer was cleaned using sulfuric acid
peroxide mixture (H2SO4/H2O2) followed by solvent cleaning. Buffered oxide etch (BOE)
was used to remove native oxide from the surface prior to passivation. The surface was
passivated using plasma-enhanced chemical vapor deposition (PECVD) to deposit a SiO2
film at 350 ◦C [23]. Au-free ohmic contacts were formed using a Ti/Al/TiN metal stack
(=30/150/20 nm) followed by annealing at 550 ◦C in an N2 ambient. The ohmic metal was
in direct contact with the 2DEG channel, facilitated by the ohmic-recess etching process.
MESA isolation was carried out using a BCl3/Cl2-based reactive-ion etching (RIE) process.
From transmission line measurements, a transfer contact resistance of 0.94 Ω·mm was
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obtained with a specific contact resistivity of 1.17 × 10−5 Ω·cm2. Next, the gate contact
region on the p-GaN area was defined through an SF6-based plasma etching process, and
additional photolithography was employed to pattern the gate and pad electrodes. An
Au-free TiN/Ti metal stack (=50/150 nm) was used for the Schottky gate and pad elec-
trodes. The fabricated device had a source-to-p-GaN gate spacing of 3 µm, a p-GaN gate
length of 4 µm, and a p-GaN gate-to-drain spacing of 12 µm, as illustrated in Figure 7. The
gate contact length on top of the p-GaN region was 2 µm. The reason for the relatively
long gate length was due to limitations in the resolution and misalignment margin of the
photolithography equipment used in this study.
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4.2. Characterization of E-Mode p-GaN Gated AlGaN/GaN HFET

Figure 8 shows the measured transfer I–V characteristics of the E-mode p-GaN gated
AlGaN/GaN HFET that was fabricated using the optimum fluorine-based selective etching
process. These measurements were taken at a fixed drain voltage (Vds) of 10 V. The
device demonstrated notable performance metrics, including a threshold voltage of 3.5 V
and an impressive on/off ratio of >109, achieved at a gate-source voltage (Vgs) of 8 V.
Moreover, the off-state drain leakage current was remarkably low, measuring approximately
10−10 A/mm.
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gated AlGaN/GaN HFET.

Figure 9 shows a plot of the measured output I–V characteristics from which the
specific on-resistance was extracted. The specific on-resistance extracted at Vds = 2 V was
5.3 mΩ.cm2. This extraction accounts for the intrinsic channel region between source and
drain.
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Figure 9. Output I–V characteristics of a fabricated E-mode p-GaN gated AlGaN/GaN HFET. The
gate voltage step was 1 V.

In order to investigate the trapping effects, a series of pulse measurements were carried
out. These pulse measurements employed a precisely controlled pulse width of 1 µs and
a repetition period of 1 ms. Figure 10 shows the pulsed I–V characteristics measured at
various quiescent drain bias voltages with a constant quiescent gate bias voltage of 0 V. It is
noteworthy that, during these experiments, no significant current collapse was observed
within the linear region of operation, indicating stable and reliable device performance
under these conditions.
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Figure 10. Pulsed I–V characteristics of a fabricated E-mode p-GaN gated AlGaN/GaN HFET. The
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of 0 V.

The off-state breakdown characteristics were measured at a gate voltage (Vgs) of
0 V using the Keysight B1505A system. As shown in Figure 11, there was no breakdown
phenomenon observed, even when subjecting the device to voltages as high as Vds = 1000 V.
Furthermore, the catastrophic breakdown voltage was found to exceed Vds = 1350 V. The
observed noisy leakage current level below Vds = 1000 V is attributed to the resolution
limitations of the equipment during high-voltage measurements. These extensive device
characteristics underscore the promising performance exhibited by the fabricated E-mode
p-GaN gated AlGaN/GaN HFET, encompassing attributes such as a high threshold voltage,
exceptional on/off ratio, minimal leakage current, low on-resistance, and robust off-state
breakdown characteristics. It is suggested that the fluorine-based etching process optimized
in this study is a promising technique that can be utilized in the fabrication of E-mode
p-GaN gated AlGaN/GaN HFETs.
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HFET.

5. Conclusions

This study has explored the optimization of a low-damage selective etching process for
the fabrication of E-mode p-GaN gated AlGaN/GaN HFETs. A low-damage fluorine-based
selective etching process was developed and optimized through a systematic investigation
of various parameters. The critical parameters included SF6 gas concentration, chamber
pressure, bias power, and ICP power. The optimized process conditions resulted in a
remarkable etch selectivity of p-GaN:AlGaN = 21:1, with minimal damage to the etched
surface. The optimal process conditions identified were as follows: an SF6 gas ratio of 35%
(i.e., BCl3:SF6 = 26:14 sccm), a chamber pressure of 30 mTorr, a bias power of 25 W, an ICP
power of 400 W, and a chamber temperature of 60 ◦C.

Comparisons were made with an oxygen-based selective etching process, which
exhibited higher selectivity but required significantly higher ICP power and caused more
damage to the etched surface. The fluorine-based process, on the other hand, yielded lower
sheet resistance, higher 2DEG concentration, and improved surface morphology, offering
promise as an alternative with reduced plasma damage.

The optimized selective etching process was applied to fabricate E-mode p-GaN
gated AlGaN/GaN HFETs. These devices exhibited impressive characteristics, including a
threshold voltage of 3.5 V, a specific on-resistance of 5.3 mΩ·cm2, an on/off ratio exceeding
109, and a low off-state drain leakage current of approximately 10−10 A/mm. Off-state
breakdown tests demonstrated the robustness of the fabricated HFETs, with no breakdown
observed up to 1000 V and a catastrophic breakdown voltage exceeding 1350 V.

In summary, this research has successfully optimized a low-damage fluorine-based
selective etching process, providing a promising technique for the fabrication of E-mode
p-GaN gated AlGaN/GaN HFETs with excellent device characteristics.
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