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ABSTRACT

This work adopts interface charge engineering to fabricate normally off metal–insulator–semiconductor high electron mobility transistors
(MIS-HEMTs) on an in situ SiNx/AlGaN/GaN platform using an in situ O3 treatment performed in the atomic layer deposition system. The
combination of in situ SiNx passivation and an O3-treated Al2O3/AlGaN gate interface allows the device to provide an excellent breakdown
voltage of 1498V at a low specific on-resistance of 2.02mX cm2. The threshold voltage is increased by 2V by significantly compensating the
net polarization charges by more than five times with O3 treatment as well as reducing the interface traps and improving the high-
temperature gate stability. Furthermore, a physical model of fixed charges at the Al2O3/AlGaN interface is established based on dielectric
thickness-dependent linear fitting and numerical calculations. The matched device performance and simulated energy band bending eluci-
date the O3-treated fixed-charge modulation mechanism, providing a practical method for producing normally off GaN MIS-HEMTs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0169944

GaN metal–insulator–semiconductor high electron mobility
transistors (MIS-HEMTs) are potential candidates for the next genera-
tion of high-power electronics.1,2 Generally, the two-dimensional
electron gas (2DEG) properties and device performance can be com-
promised by process-induced damage at the interface of the dielectric/
AlGaN barrier. To mitigate this issue, the in situ SiNx insulator layer,
which is continuously grown on the AlGaN barrier by metal–organic
chemical vapor deposition (MOCVD), has been extensively studied as
a means of protecting the AlGaN surface from air and process-
induced damage.3,4 In addition, compared with ex situ SiNx deposition
methods, such as plasma-enhanced chemical vapor deposition
(PECVD) or low-pressure chemical vapor deposition (LPCVD),
in situ SiNx has a lower growth rate and higher growth temperature,

which is favorable for reducing dielectric defects, thus suppressing the
gate leakage current.5

Generally, a large number of positive fixed charges at the in situ
SiNx/AlGaN interface induces a high 2DEG density at the AlGaN/
GaN heterojunction, and the GaN MIS-HEMT based on the in situ
SiNx/AlGaN/GaN platform features a negative threshold voltage (Vth)
and a low on-state resistance (Ron).

6,7 In commercial product applica-
tions, the normally on in situ SiNx/AlGaN/GaNMIS-HEMT is usually
integrated with a normally off Si MOSFET in a cascode connection to
simplify circuit design and build a fail-safe system. The intrinsic para-
sitic problem in a cascode structure restricts its application to high-
frequency and high-voltage fields. As a result, individual etching-free
normally off GaN MIS-HEMTs were developed using gate interface

Appl. Phys. Lett. 123, 103502 (2023); doi: 10.1063/5.0169944 123, 103502-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 24 D
ecem

ber 2024 02:24:11

https://doi.org/10.1063/5.0169944
https://doi.org/10.1063/5.0169944
https://doi.org/10.1063/5.0169944
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0169944
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0169944&domain=pdf&date_stamp=2023-09-06
https://orcid.org/0000-0001-8155-8302
https://orcid.org/0000-0002-2626-945X
https://orcid.org/0000-0002-1892-248X
https://orcid.org/0000-0001-5249-6480
https://orcid.org/0000-0002-8151-8092
https://orcid.org/0000-0002-5430-2931
https://orcid.org/0000-0003-4884-3333
https://orcid.org/0000-0001-6856-6113
https://orcid.org/0000-0002-5478-5662
https://orcid.org/0000-0001-8399-7771
https://orcid.org/0000-0002-1527-8756
mailto:wangq7@sustech.edu.cn
mailto:gang.w.li@polyu.edu.hk
mailto:yuhy@sustech.edu.cn
https://doi.org/10.1063/5.0169944
pubs.aip.org/aip/apl


engineering and ultrathin-barrier (UTB) techniques by depleting the
2DEG at the gate region.8–10 It has been reported that the positive
fixed charges at the Al2O3/GaN interface were decreased by post-
dielectric/gate annealing11 and can also be reduced by a CF4 or O2

plasma.12,13 However, the positive fixed charge at the in situ SiNx/
AlGaN interface persists after dry etching unless the underlying
AlGaN barrier is simultaneously etched or thinned.14 Therefore, there
are limited reports regarding normally off MIS-HEMT on in situ SiNx/
AlGaN/GaN platforms.

This study fabricates a high-performance normally off GaN MIS-
HEMT on an in situ SiNx/AlGaN/GaN platform with an Al2O3 insu-
lating layer by atomic layer deposition (ALD). An in situO3 treatment
in the ALD system is implemented before the Al2O3 deposition to
reduce the positive fixed charge on the post-in situ SiNx-etching
AlGaN surface. This critical step provides the normally off Al2O3/
AlGaN/GaN MIS-HEMTs with in situ SiNx passivation, improving
the gate and off-state breakdown voltages (BV). The conducted dielec-
tric thickness-dependent fitting and simulated models suggest that the
O3 treatment can significantly increase the device Vth by compensating
for the fixed charges. In addition, both the interface states and high-
temperature gate current leakage instability are suppressed in the fab-
ricated normally off GaNMIS-HEMT.

The MIS-HEMTs were fabricated on a 6-inch in situ SiNx/
AlGaN/GaN platform. From the bottom to up, it consists of a thick
buffer layer, a 300nm GaN channel layer, a 1 nm AlN spacer, a 5 nm
Al0.05Ga0.95N layer, and a 30nm in situ SiNx cap layer. Because the
in situ SiNx strongly passivates the wafer, the device process begins
with an Ohmic contact. A Ti/Al/Ti/Au metal stack is evaporated
through an opened deposition window, followed by an annealing pro-
cess at 830 �C for 45 s in an N2 ambient. Next, the in situ SiNx at the
gate region is removed using an inductively coupled plasma reactive
ion etching (ICP-RIE) system. After that, the wafer is transferred to
the ALD chamber, where it undergoes a pre-gate O3 treatment at
300 �C. Following this, an 18-nm O3-based Al2O3 insulating layer is
deposited, and a Ni/Au metal stack is evaporated as the gate electrode.
Subsequently, a 350 �C annealing process is conducted in N2 ambient
for 5min to improve the Ni/Al2O3 contact properties. Finally, a
200-nm SiO2 layer is deposited by PECVD, and the source field plate
is formed to complete the device process.

Figure 1(a) shows the structure of the fabricated GaN MIS-
HEMT. The gate width (WG), gate length (LG), distance of gate-to-
source (LGS), and distance of gate-to-drain were set to 100/2/3/10lm,
respectively, with an extension distance of 3lm toward the drain side

of the source field plate. The main steps of the device process are listed
in Fig. 1(b), and an MIS-HEMT without O3 treatment was also fabri-
cated as a control.

The DC transfer characteristics of the fabricated MIS-HEMTs
are plotted in Fig. 2(a) at a bias voltage of VD¼ 10V. As shown, the
O3 treatment leads to an increase in the device Vth from�1.6 to 0.4V,
which is determined using a drain current criterion of 1 lA/mm. This
increase in Vth is attributed to the effective reduction of positive fixed
charges at the Al2O3/AlGaN interface, resulting in a lower net polari-
zation charge density in the gate region.15,16 The performance of the
MIS-HEMTs is also characterized by high extrinsic transconductance,
with both values greater than 150 mS/mm, which can be attributed to
the excellent gate control ability of the UTB structure.17 As plotted in
Fig. 2(b), the in situ SiNx passivation provides numerous positive fixed
charges at the in situ SiNx/AlGaN interface, inducing the high 2DEG
density at the UTB Al0.05Ga0.95N/GaN heterojunction and excellent
output performance. The Ron increases from 9.8 to 11.2 X�mm, show-
ing a depletion of 2DEG at the gate region for the normally off
operation.

The IG–VG curve in Fig. 2(c) illustrates that the O3 treatment
allows for a maximum positive VG of 16V, while the controlled device
shows a limit of only 14.3V. This slight increase in gate BV can be
attributed to the lower concentration of oxygen vacancy (VO) defects
resulting from pre-gate O3 treatment.18 A similar improvement is seen
in the off-state BV, which increases from 1278 to 1498V due to the
O3-treated Al2O3/AlGaN interface, as shown in Fig. 2(d). The high-
quality in situ SiNx passivation, along with an optimized source field
plate, also contributes to the excellent breakdown performance. A
1.5lm transfer length for each Ohmic contact is included when

FIG. 1. (a) Schematic of GaN MIS-HEMT on an in situ SiNx/AlGaN/GaN/Si platform;
(b) main device fabrication process.

FIG. 2. (a) Semi-log transfer, (b) output, (c) IG–VG, and (d) OFF-state characteris-
tics of fabricated GaN MIS-HEMTs on an in situ SiNx/AlGaN/GaN platform without
and with O3 treatment.
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calculating specific on-resistance (Ron,sp), where the optimized device
features a high BVDS of 1498V with a low Ron,sp of 2.02mX cm2.

The reasons for the improved device performance from the O3

treatment are studied by detecting the microstructure. Figure 3(a)
demonstrates the top view and surface profile of the etching trench of
in situ SiNx/AlGaN by atomic force microscopy (AFM). Following the
removal of in situ SiNx by dry etching, the underlying AlGaN surface
displays a root mean square (RMS) roughness of 0.82 nm, while an
improved surface morphology with an RMS of 0.54 nm is observed in
Fig. 3(b). The O3 treatment helps to decrease the VO defects, showing
a better pre-deposition surface. Surface X-ray photoelectron spectros-
copy (XPS), shown in Fig. 3(c), reveals that Si atoms are present in the
top few atomic layers of the AlGaN surface after in situ SiNx etching.
The incorporated Si atoms may act as surface donors that significantly
impact interface charges and channel scattering.19 Additionally, after
strong oxidization by O3 treatment, most of the Ga–N and Si–N bonds
are replaced by Ga–O and Si–O bonds to form an O-terminated
AlGaN surface. Following the Al2O3 deposition, scanning transmis-
sion electron microscopy [STEM, Fig. 3(d)] shows an apparent local
transition layer at the Al2O3/AlGaN interface and crystalline grains in
the Al2O3 bulk, while the cross section of the O3-treated sample shows

a sharp interface and amorphous Al2O3. The O3-treated Al2O3/AlGaN
interface with fewer VO defects and crystalline grains may suppress the
trap-assisted tunneling,20,21 indicating the improved breakdown per-
formance of GaNMIS-HEMTs in this work.

A series of GaN Schottky HEMTs and MIS-HEMTs with step-
graded Al2O3 thicknesses were fabricated to confirm the fixed charge
variation induced by the O3 treatment. The Vth shift between the GaN
MIS-HEMT and Schottky HEMT (no gate dielectric) in this work can
be described as22

DVth ¼ DUm � DEcð Þ=eþ rF – rpol�ð Þ=eAl2O3 � tAl2O3; (1)

where DUm represents the difference in Schottky barrier height
between the Ni/Al2O3 and Ni/AlGaN interfaces, DEc is the conduction
band offset for Al2O3/AlGaN, and rF and rpol- are the Al2O3/AlGaN
interface fixed charge density and the GaN net negative spontaneous
polarization charge density (1.8� 1013 cm�2), respectively. e and t are
the permittivity and thickness of gate Al2O3. The linear fitting in Fig.
4(a) shows that the GaN MIS-HEMT rF values with and without
O3 treatment extracted from different slopes are 1.92 and 2.44
� 1013 cm�2, respectively. The net polarization charge densities at the
Al2O3/AlGaN interface are calculated as 1.2 and 6.4� 1012 cm�2, indi-
cating that the fixed-charge-induced 2DEG density can be decreased
by more than five times by O3 treatment.

Figure 4(b) plots the double-sweep capacitance–voltage (C–V)
curves of the Al2O3/Al0.05GaN/AlN/GaN MIS-diodes fabricated using
the same process as the MIS-HEMTs. The VFB shifts from �1.2 to
0.8V after O3 treatment, where the VFB increment of 2V is in accor-
dance with the MIS-HEMT performance. Furthermore, the C–V hys-
teresis decreases from 0.55 to 0.04V, and this remarkable
improvement is attributed to the improved Al2O3/AlGaN interface
quality from the O3 treatment. The dielectric and interface charges can
be extracted from the following equation:23

Qt ¼ Cox�DVFB; (2)

where Qt is the sum of the dielectric bulk and interface trap charges,
Cox is the oxide capacitance, and DVFB is the flatband voltage shift.
The Qt at the Al2O3/AlGaN interface without O3 treatment is calcu-
lated as 1.22� 1012 cm�2�eV�1, while the counterpart O3-treated
interface is 8.62� 1010 cm�2�eV�1. It is confirmed that the bulk and
interface traps in the Al2O3/AlGaN structure are effectively reduced by
more than one order of magnitude by the O3 treatment. Furthermore,
the gate current leakage increases with increasing test temperature.
The gate BV degenerates from 14.3 to 12V at 200 �C, while the O3-
treated device features a stabilized gate current leakage with the maxi-
mum gate voltage decreasing by less than 1V, as plotted in Fig. 4(c).
Thus, the temperature-dependent, trap-assisted tunneling or
Poole–Frenkel emission is suppressed in the O3-treated interface, dem-
onstrating high-temperature gate stability for the fabricated GaNMIS-
HEMT.

According to the microstructure and device characteristics, the
atom arrangements of the in situ SiNx/AlGaN interface and Al2O3 fab-
ricated on the post-in situ SiNx-etching AlGaN surface are illustrated
in Figs. 5(a)–5(c). VO defects and substitutional Si atom dangling
bonds at the O3-treated Al2O3/AlGaN interface are both compensated,
reducing the traps and positive fixed charges. The decreased interface
charges (Qit) and oxide bulk charges (Qox, bulk) trapped in the MIS

FIG. 3. (a1) AFM top view and (a2) surface profile of in situ SiNx/AlGaN trench; (b)
morphology of exposed AlGaN surface after etching and O3 treatment; (c) XPS
analysis of AlGaN surface composition; (d) STEM cross-view of Al2O3/AlGaN inter-
face, showing the transition layer (indicated by white arrow) and crystalline grains
(highlighted with orange guidelines along the local crystalline orientation) without O3

treatment.
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structure contribute to improving the breakdown performance, while
the reduced positive fixed charge (rF) increases the Vth of GaN MIS-
HEMT.

The main charge distribution is demonstrated in Fig. 5(d), con-
sidering the polarization charges (rAlGaN, rAlGaN/AlN, and rAlN/GaN) in
the Al2O3/Al0.05GaN/AlN/GaN gate stack. By calculating the hetero-
junction polarization charges from Vegard’s law24 and applying the rF

ranging from 2.44 to 1.92� 1013 cm�2 in this work, the simulated
energy band bending is depicted in Fig. 5(e). The bottom of the con-
duction band (EC) at the AlGaN/AlN/GaN interface rises above the
Fermi level (EF) by reducing the positive fixed charge, matching the
device operation to shift from normally on to normally off. The physi-
cal model of the Al2O3 thickness-dependent linear fitting and numeri-
cal simulation reveals the significance of fixed-charge modulation of
Vth in GaNMIS-HEMTs.

Using O3 treatment by ALD, a method for interface charge engi-
neering is adapted to a UTB AlGaN/GaN MIS-HEMT with in situ

SiNx caps. A physical relation is established between the interface
properties of Al2O3/AlGaN and charge variation induced by in situ
SiNx etching/O3 treatment through XPS analysis, AFM/TEM charac-
terization, C–V measurement, and energy band simulation. The O3-
treated Al2O3/AlGaN boundary charges are compensated by five
times, and the interface traps are reduced by more than one order of
magnitude. The fixed-charge modulation resulted in the relatively
small positive Vth of 0.4V for normally off operation on GaN MIS-
HEMTs. To satisfy the demands of high-power switching system, the
Vth is assumed to be further increased by optimizing the temperature
of O3 treatment and the post-dielectric/metallization-annealing (PDA/
PMA) processes. Meanwhile, combining a high-quality Al2O3/AlGaN
gate interface with in situ SiNx passivation enables the device to display
an excellent BV of 1498V with a low Ron,sp of 2.02mX cm2. The in
situ O3 treatment during the ALD procedure provides a practical
method for fabricating normally off GaN power HEMTs with excel-
lent breakdown performance.
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