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Abstract: In this study, a 10 nm Al,O5 layer was deposited on the p-type gallium nitride (p-GaN) layer using thermal atomic layer
deposition to form a metal-oxide-semiconductor high-electron mobility transistor (MOS-HEMT), designed to achieve
lower gate leakage current. For comparison, a conventional p-GaN gate HEMT with an ohmic gate contact was employed.
Transfer length method analysis of device resistance confirmed a reliable ohmic contact on the source/drain, with a low
sheet resistance (Rg,) indicating a high-density two-dimensional electron gas in the access region, unaffected by the
residual p-GaN etching process. To further explore the role of post-deposition annealing (PDA) in MOS-HEMTs, the
characteristics of devices with and without PDA treatment were evaluated. Our conventional ohmic gate device exhibited
excellent enhancement-mode (E-mode) characteristics, with all devices demonstrating low reverse gate leakage below 1 x
10~ mA/mm. Compared to ohmic-gate HEMTs, PDA-treated devices showed reduced gate leakage and improved reliability,
achieving a 10-year lifetime at 7.2 V through time-dependent gate breakdown analysis, despite reduced ON-state perfor-

mance. We analyzed the differences among the three devices based on their respective gate leakage currents.
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1. Introduction

Gallium nitride (GaN), characterized by its wide bandgap
and high-electron mobility, has become a standout mate-
rial in the field of power devices [1-3]. Devices made using
AlGaN/GaN high-electron mobility transistors (HEMTSs)
demonstrate a remarkable ability to reduce energy con-
sumption during high-power operation [4,5]. By adopting a
p-GaN gate structure, enhancement-mode (E-mode) device
operation can be achieved, enabling extremely high con-
version efficiency and further delivering high power den-
sity [6]. Its key advantage lies in providing better controll-
ability during the epitaxial process compared to other
approaches. This approach also represents one of the
most commercially viable technologies available today
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[7]. However, a significant challenge associated with this
technology is the ON-state gate time-dependent dielectric
breakdown, which occurs when the gate-source voltage is
high and sustained for a sufficiently long duration, leading
to leakage issues [8-12]. This also tests the durability and
reliability of E-mode p-GaN HEMTs. One potential solution
to address this issue is to add an insulating layer on the
p-GaN gate, and this modification can increase the
threshold voltage (Vi) and reduce gate leakage [13-15].
Al,05 was selected as the gate dielectric material due to
its wide bandgap, high thermal stability, and excellent
interface quality with GaN, which are critical for suppres-
sing gate leakage and enhancing device reliability [16,17].

In previous studies, it has been shown that the residual
p-GaN outside the gate region must be etched only after
removing the oxide layer. To achieve this, conventional
approaches often utilize inductively coupled plasma
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reactive ion etching (ICP-RIE) techniques [13,18,19]. Addi-
tionally, the transfer length method (TLM) has been widely
employed to extract contact and sheet resistances, serving
as an effective means to validate the formation of reliable
source/drain ohmic contacts and to confirm the presence
of a two-dimensional electron gas (2DEG) within the
channel region [20].

In this work, we propose two process improvements
for p-GaN gate-based E-mode HEMTSs. First, we develop
a self-aligned two-step etching process using two consecu-
tive ICP-RIE recipes to separately remove the oxide
and residual p-GaN layers outside the gate region, thus
eliminating the need for an additional mask. Second, we
assess the feasibility of this etching process by extracting
the device’s contact and sheet resistance via TLM.
Furthermore, we deposit a 10nm Al,0; layer on the
p-GaN using thermal atomic layer deposition (ALD) to fab-
ricate a metal-oxide-semiconductor high-electron mobi-
lity transistor (MOS-HEMT) structure and compare its
performance to that of a conventional p-GaN gate HEMT
with an ohmic gate contact. To further evaluate the long-
term reliability of the gate dielectric, we also perform
time-dependent gate breakdown (TDGB) measurements
[9,21]. Finally, the role of post-deposition annealing (PDA)
in enhancing MOS-HEMT performance was investigated
by comparing the DC characteristics and TDGB lifetime
of devices with and without PDA treatment.

2. Experiment

The HEMTs we fabricated are based on a commercial GaN-
on-Si substrate. This substrate is formed by heteroepitaxi-
ally growing an AlGaN/GaN structure on a 6-in. (111) silicon
wafer using metal-organic chemical vapor deposition. It
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consists of a 1 um carbon-doped GaN buffer layer, a
300 nm channel layer, a 1 nm AIN spacer layer, a 12.5nm
AlGaN barrier layer, and a 100 nm p-GaN layer. The fabri-
cation process of the standard p-GaN gate HEMT with an
ohmic-gate contact (Figure 1(a)) involves several steps.
First, mesa isolation is performed using ICP-RIE. Next,
the 100 nm p-GaN layer above the source and drain
regions is removed by ICP-RIE. Following this, source/
drain ohmic contacts are formed with a Ti/Al/Ti/Au (25/
125/45/90 nm) metal stack, which is deposited and then
annealed at 800°C for 1 min using a rapid thermal annealing
system. The source-to-drain spacing (Lsp) is 10 pm. Subse-
quently, the gate metal, consisting of a Ni/Au (45/90 nm)
stack, is deposited to act as a hard mask for further
etching. The gate length (L) is 2 ym, and the gate width
(W) is 100 ym. The residual p-GaN layer in regions outside
the three electrodes is then etched using ICP-RIE to com-
plete the device fabrication process. In addition to the
standard ohmic gate contact device, we also fabricated
another type of device, an MOS-HEMT (Figure 1(b)), which
features an oxide layer between the gate metal and the
p-GaN layer. The key difference lies in the fabrication pro-
cess following the completion of the source/drain ohmic
contacts. A 10nm layer of Al;0O; was deposited using
thermal ALD at 300°C. After ALD, PDA was performed at
600°C for 10 min in N, ambient to smoothen the oxide/
p-GaN interface. To verify the necessity of the PDA process,
we also fabricated an MOS-HEMT without PDA and mea-
sured its characteristics as a reference. Following pat-
terning the gate, a two-step etching process was performed
using different ICP recipes. In the first step, the Al,05 layer
was etched, followed by etching of the remaining p-GaN
layer to complete the device fabrication process. Tradi-
tionally, Al,O3 is removed using HF wet etching, but this
isotropic process often leads to imprecise linewidth
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Figure 1. Schematic cross-sectional structure of the (a) p-GaN gate HEMT with ohmic gate contact and (b) the MOS-HEMT.
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control and potential contamination issues. In contrast,
ICP anisotropic etching allows for much more precise line-
width control, effectively addressing these problems. This
approach is particularly advantageous for the future
development of MOS-HEMTs with smaller gate linewidths.
By adopting this method, one not only avoids the
drawbacks associated with HF etching but also provides
a more reliable fabrication process for improved device
performance.

The residual p-GaN etching is difficult and critical to
the entire HEMT process [19,22]. To address this, we devel-
oped a Cl,/O,/Ar etching recipe with a selectivity of about
1:10 between AlGaN and p-GaN. This selectivity allowed
the AlGaN barrier to act as an etch-stop layer. As shown
in Figure 2, the selective etching forms an oxidation layer
on the AlGaN, preventing further etching. This etching
recipe ensures that we achieve the expected device per-
formance. We will also verify the sheet resistance in the
access region of our device through TLM to ensure it is
sufficiently low, confirming the successful completion of
the etching process.

400

3. Results and discussion

Figure 3(a)-(c) shows the resistance of the p-GaN gate
HEMT with ohmic gate contact and the MOS-HEMTSs before
and after PDA treatment, which are analyzed using the
TLM pattern. The top-view image of the TLM pattern is
shown in the inset of Figure 3(a). The results indicate
that our devices have a reasonable ohmic contact on
source/drain, with contact resistance (Rc) all below 5
Qmm and a low specific contact resistivity (pc). Addition-
ally, the low sheet resistance (Rg) of ~1kQ/sq suggests that
the access region has a high-density 2DEG, which was not
diminished by our residual p-GaN etching process [23]. The
consistency of the TLM results confirms that the MOS pro-
cess does not affect the performance of the ungated region.

Figure 4(a)-(c) shows the I-V characteristics of the
p-GaN gate HEMT with an ohmic gate contact. Specifically,
Figure 4(a) demonstrates a Vi, of 0.81 V and a subthreshold
swing (SS) of 75.61 mV/dec. These results indicate that our
standard ohmic gate device not only exhibits E-mode char-
acteristics but also demonstrates excellent gate control.
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Figure 2. Cross-sectional TEM image of an over-etched substrate (containing oxidized [white]) and residual [light gray] AlGaN) by
selective etching between p-GaN and AlGaN (top) and element distribution in the over-etched substrate generated from the
EDS line scan (bottom).
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Figure 3. TLM results of (a) the p-GaN gate HEMT with ohmic gate contact and the MOS-HEMTs (b) before and (c) after PDA treatment.
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Figure 4. (a) Transfer characteristics of the HEMT with ohmic gate contact in linear scale: the left Y-axis shows the drain current, and the right
Y-axis shows the transconductance. (b) Transfer characteristics in logarithmic scale: the left Y-axis shows the drain current, and the
right Y-axis shows the gate leakage current. (c) Output characteristics of the device under different gate voltages.
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Figure 5. (a) Comparison of transfer characteristics among the three types of HEMTs in a log scale and (b) in a linear scale.

Notably, even without the assistance of an insulating layer
structure, a remarkably low gate current of ~10~’ mA/mm
is achieved. Additionally, Figure 4(b) shows a drain
current of ~300 mA/mm, a maximum transconductance
(gm, max) of 76.64 mS/mm, and a field-effect mobility of
684 cm?/V s. Figure 4(c) presents the output characteristics,
with a maximum drain current (/p max) 0f 350 mA/mm and
a moderate ON-state resistance (Roy) of 12.5 Q mm at Vg =
10 V. These superior characteristics are primarily attrib-
uted to two key factors: the effective preservation of the
high-electron mobility 2DEG conduction channel beneath
the remaining p-GaN layer during ICP selective etching
and the adoption of ohmic contact source/drain metal.
TLM measurements demonstrate low sheet resistance
and contact resistance, further contributing to the excel-
lent performance.

Figure 5(a) and (b) shows the [-V characteristics of
transfer characteristics among the three types of HEMTs.
Without PDA treatment, the MOS-HEMT shows degraded
electrical characteristics compared to conventional
HEMTs with ohmic gate contact. Notably, the OFF-state
current of MOS-HEMT is higher than that of the conven-
tional HEMT with an ohmic gate contact. This is due to the
poor interface bonding between oxide and p-GaN, which
facilitates the easier injection of carriers from the gate into
the channel. Additionally, it increases the overall effective
oxide thickness (i.e., the distance from the gate to the
channel). In other words, the equivalent gate capacitance
is reduced, resulting in a decreased amount of electrons
that the gate can attract; therefore, the drain current
should tend to decrease [24]. As a result, the MOS-HEMT
exhibits higher OFF-state current, poorer SS, and lower
ON-state current. On the contrary, PDA treatment effec-
tively improves the interface characteristics, reducing

interface defects and stabilizing the device’s performance.
This leads to a significant reduction in the OFF current and
a notable improvement in the SS, which enhances the gate
control over the channel. However, PDA also significantly
reduces interface states between oxide and p-GaN, which,
although beneficial for device stability, has the unintended
effect of lowering the available carrier concentration in
the channel. Donor-like interface states above the AlGaN
layer serve as a primary source of additional carriers in
GaN materials, and their reduction decreases the chan-
nel’s carrier concentration [25-27]. Given the inherently
low intrinsic carrier concentration in GaN, this directly
results in a further reduction in the ON-state current.
Table 1 summarizes the comparison of typical perfor-
mance parameters among the three types of HEMTSs.

We explored the effects of these three structures
through the I5-V; curve shown in Figure 6. First, it can be
observed that the OFF-state current of HEMTs is closely
related to their respective reverse gate leakage levels. Addi-
tionally, the HEMTs with ohmic gate contacts exhibit two

Parameters Ohmic gate MOS-HEMT MOS-HEMT
(w/o PDA) (w/PDA)
Vin (V) 0.81 1.15 1.05
SS (mV/dec) 75.61 89.79 71.26
&mmax (MS/mm) 76.64 40.33 18.33
Field effect mobility 684 153 714
(cm?*/V's)
Tow/Iore 217 x 10" 248 x 10° 5.64 x 10°

Table 1. Comparison of typical performance parameters among
the three types of HEMTs.
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Figure 6. Comparison of Is—V; characteristics among the three types of HEMTs.

slope peaks during the turn-on process, which are attributed
to the hole injection effect commonly seen in p-GaN gate
HEMTS [7]. In contrast, this phenomenon is absent in MOS-
HEMTs because the gate insulator effectively blocks hole

injection. Comparing the ON-state current among the three
types, it is evident that the ohmic gate HEMTs experience a
significant current increase due to the hole injection effect,
which further enhances I yax. On the contrary, MOS-HEMTS
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Figure 7. TDGB of MOS-HEMTs without (a) and with (d) PDA, Weibull plots of MOS-HEMTs without (b) and with (e) PDA, and lifetime
predictions of MOS-HEMTs without (c) and with (f) PDA.
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References Ion/Iorr SS (mV/dec) Vin (V)
This work (w/PDA) 10° 71.26 1.05
[19] 10° — 2.40
[28] 10° 116 0.70
[29] 108 — 0.50
[30] 10° 95 0.30
[31] 10* 205 0.49
[32] 108 — 110

Table 2. Comparison of switching performance parameters with
other E-mode GaN-based devices.

effectively suppress the sudden rise in forward gate leakage,
maintaining a safer current level. Finally, when comparing
MOS-HEMTSs before and after PDA treatment, MOS-HEMTSs
with PDA can reduce reverse gate current to an ultra-low
leakage level below that of the standard ohmic gate HEMTSs.
At the same time, they provide a more stable and smoother
ON-state current curve.

To further compare the impact of PDA on gate reliability
in MOS-HEMTs, we performed TDGB tests. A constant gate
voltage was applied while the source and drain electrodes
were grounded, as illustrated in Figure 7(a)—(f). The break-
down time (tgp) is defined as the moment when the gate
leakage current abruptly increases to 10*mA/mm. From
Figure 7(a) and (d), it is evident that MOS-HEMTs with PDA
improved forward gate leakage characteristics, showing con-
sistently lower leakage current compared to devices without
PDA. The Weibull distribution is used to model the TDGB
behavior of the devices and is expressed as

In(-In(1 - F(tgp))) = BIntgp - Blnn, @

where F(tgp) represents the probability of failure occur-
ring at a given tgp, B is the shape factor, and 7 is the scale
factor. The Weibull plots in Figure 7(b) and (e), which
show In(-In(1 - F())) versus tgp, indicate that the time-
to-failure follows a Weibull distribution. Notably, MOS-
HEMTs with PDA exhibit a relatively higher shape factor
B and a longer lifetime distribution, indicating improved
reliability. In the plots of tgp versus Vg (Figure 7(c) and (f)),
fitted using an exponential model, the maximum gate vol-
tage that ensures a 10-year lifetime at room temperature
with a 1% failure rate is estimated to be 7.2V for MOS-
HEMTs with PDA. This represents a significant improve-
ment in lifetime compared to the poor reliability observed
in devices without PDA. These results confirm the
enhanced forward gate robustness of p-GaN gate MOS-
HEMTs after PDA treatment. Table 2 compares the
switching performance of our device with other reported

E-mode GaN-based devices. Our MOS-HEMT exhibits com-
petitive advantages, particularly in gate leakage suppres-
sion and enhancement-mode operation, demonstrating
the effectiveness of the Al,O3 layer and PDA treatment.

4. Conclusion

In this work, the E-mode p-GaN gate HEMT with ohmic gate
contact exhibits excellent electrical performance,
including a Vi, of 0.81V, a field-effect mobility of 684 cm?/
Vs, a maximum drain current of 363 mA/mm, and a high
Ion/Iorr, while maintaining an ON-state resistance compar-
able to D-mode devices. These superior characteristics
result from the effective preservation of the 2DEG channel
during ICP selective etching and appropriate ohmic source/
drain metal contact. However, without PDA treatment,
MOS-HEMTs suffer from poor oxide/p-GaN interface
bonding and reduced effective oxide capacitance, leading
to higher OFF-state current, poorer SS, and lower ON-state
current compared to conventional p-GaN gate HEMTs with
ohmic gate contact. PDA treatment improves interface
properties, thereby improving SS and decreasing the
OFF-state current. However, it also reduces the interface
states of oxide/p-GaN, which lowers the available carrier
concentration in the channel. Given GaN’s inherently low
intrinsic carrier concentration, this reduction in surface
states further decreases the ON current, resulting in a
trade-off between improved stability and reduced ON-state
performance. To further validate the effect of PDA, TDGB
experiments reveal that MOS-HEMTs with PDA exhibit
lower forward gate leakage and longer lifetimes.
Weibull analysis confirms improved gate reliability,
with a higher shape factor and extended lifetime distribu-
tion. Notably, a 10-year lifetime at 7.2 V gate bias is achiev-
able with PDA, highlighting its effectiveness in enhancing
gate robustness.
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