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ABSTRACT

The electrical properties and the interface abruptness of aluminum silicon oxide (AlSiO) dielectric grown in situ on 0001ð Þ N-polar and
(0001) Ga-polar GaN by metal organic chemical vapor deposition were studied by means of capacitance-voltage (CV) and atom probe
tomography (APT) measurements. The growth of AlSiO on N-polar GaN resulted in a positive flatband voltage shift of 2.27 V with respect
to that on Ga-polar GaN, which exemplifies the influence of the GaN surface polarization charge on the electrical properties of GaN-based
metal oxide semiconductor (MOS) devices. The AlSiO/GaN(N-polar) interface was sharp, which resulted in nondispersive CV characteristics
and a relatively low density of interface states (Dit) of 1.48� 1012 cm�2. An intermixed layer of AlGaSiO was present at the interface between
AlSiO and Ga-polar GaN, which contributed to the measured dispersive CV characteristics and resulted in an �2� higher Dit than that on
N-polar GaN. The superior properties of the N-polar AlSiO MOS devices are promising for further advancement of N-polar GaN-based high
electron mobility transistors for high-frequency and power electronics applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125788

Aluminum silicon oxide (AlSiO) has been proposed recently as a
promising high-quality insulator that can improve the gate robustness
of GaN-based metal oxide semiconductor (MOS) devices.1,2 Studies
have shown that alloying of Al2O3 with Si led to high amorphous
stability and improved bulk and interfacial properties compared
to Al2O3.

3,4 In addition, recent findings showed that the high bulk/
interface quality of AlSiO resulted in a predicted lifetime of 20 years
for electric fields higher than 3 MV/cm and a low interface state den-
sity (Dit) of �1012 cm�2.5 Compared to Al2O3, AlSiO has a higher
conduction band offset to GaN, which resulted in lower leakage
current.2 All previous research studies on AlSiO focused primarily on
evaluating its electrical and structural properties on Ga-polar GaN.1,2,4

Recently, GaN-based high electron mobility transistors (HEMTs) based
on the N-polar technology have demonstrated high-performance
millimeter-wave amplifiers and power devices.6,7 The advancements of
the N-polar technology over the Ga-polar technology motivated evalu-
ating the electrical and structural properties of AlSiO on N-polar GaN
and studying the impact of GaN polarity to further improve the
gate-robustness of N-polar HEMTs.

In this paper, the electrical properties and interface abruptness of
AlSiO grown on N-polar and Ga-polar GaN are compared by means
of capacitance-voltage (CV) and atom probe tomography (APT)
measurements. We demonstrate that the growth of AlSiO on N-polar
GaN resulted in a positive flatband voltage shift of 2.27 V with respect
to that on Ga-polar GaN, which exemplifies the impact of GaN surface
polarization charge on the properties of GaN-based MOS devices. The
interface between the AlSiO layer and the N-polar GaN layer was
sharp, which contributed to the measured nondispersive CV charac-
teristics and a relatively low Dit of 1.48� 1012 cm�2. On the other
hand, high intermixing between oxygen, gallium, and aluminum
occurred at the interface between the AlSiO layer and the Ga-polar
GaN layer, which contributed to the measured dispersive CV charac-
teristics and relatively high Dit of 3.1� 1012 cm�2.

The insulator-semiconductor structures were grown in a closed
coupled showerhead metal organic chemical vapor deposition
(MOCVD) reactor. The N-polar epitaxial structure was grown on a
c-plane sapphire substrate misoriented by 4� toward the a-plane, and
the structure consisted of, from bottom to top, 0.5 lm unintentionally
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doped GaN (9� 1017 cm�3), 0.8 lm nþ GaN (2.5� 1018 cm�3), and
0.6 lm n-GaN (2.5� 1017 cm�3). The Ga-polar epitaxial structure
was grown on on-axis c-plane sapphire substrates and consisted of,
from bottom to top, 1 lm semi-insulating GaN, 0.6 lm unintentionally
doped GaN (�6� 1015 cm�3), 0.8 lm nþGaN (2.5� 1018 cm�3),
and 0.6 lm n-GaN (2.5� 1017 cm�3). The N-polar and Ga-polar GaN
epitaxial structures were capped in situ by AlSiO with a thickness of
�23nm grown by MOCVD at 700 �C. Metal-oxide-semiconductor
capacitors (MOSCAPs) were processed as mesa structures using
plasma reactive ion etching, and Ti/Au metal stack was deposited as
both the Ohmic contact on the nþ GaN and the gate contact on the
dielectric.

APT was used to evaluate the alloy distribution in the AlSiO
layers and to study the impact of GaN polarity on the interface abrupt-
ness between AlSiO and GaN.8,9 For APT evaluation, a 160nm GaN
cap layer was grown at 630 �C on top of the AlSiO, which aided the
APT tip fabrication and produced more reliable APT data.10 The APT
tips were prepared using an FEI Helios 600 dual-beam focused ion
beam (FIB) instrument following the standard procedure.11 The APT
measurements were performed using a Cameca 3000X HR Local
Electrode Atom Probe (LEAP) operating in laser-pulse mode (13 ps
pulse, 532 nm green laser, 10 lm laser spot size). The same evapora-
tion parameters were applied to study both samples. A base tempera-
ture of 60 K and a laser pulse intensity of 1 nJ were used. A detection
rate of 0.005 atoms/pulse was set during the measurements. APT 3D
reconstructions were carried out using commercial software IVASTM

following a geometrical based algorithm.12 Reconstruction parameters
were iteratively optimized based on the AlSiO layer thicknesses mea-
sured by X-ray reflectivity measurements.

The 1D concentration profiles of Al, O, and Ga along the growth
direction for the N-polar sample and the Ga-polar sample are shown
in Figs. 1(a) and 1(b), respectively. The profiles were measured in
20 � 20 � 30nm3 sampling volumes extracted in the center of the 3D
APT reconstructions. Because of the mass overlap of Si and N based
ions in the APT mass spectrum, these two elements were not consid-
ered in the regions far away from the AlSiO/GaN interface.
Consequently, it is expected to measure a 100% Ga concentration in
the bottom and top GaN layers. Composition measurements for both
layers are marked by the gray areas shown in Figs. 1(a) and 1(b).
These volumes were chosen because no concentration gradients in the
growth direction were observed in this region. The obtained concen-
trations for the N-polar sample were 7% of Si, 55% of O, 36% of Al,

and 2% of C. For the Ga-polar sample, 4% of Si, 54% of O, 40% of Al,
and 2% of C were measured.

The alloy distributions in the AlSiO layers for both samples were
investigated from the APT sampling volumes shown in the gray areas
in Figs. 1(a) and 1(b). Radial distribution analysis (RDA) was used to
detect the presence of phase separation.13,14 The ratio of the composi-
tion found in spherical shells around each atom to the overall sample
composition is plotted vs the shell radius in Figs. 1(c) and 1(d). The
self-correlation technique is based on measuring the compositions of
atoms of chemical nature A with respect to a chemically identical A
atom being in the center of the shell. In the cross correlation tech-
nique, the compositions of atoms of chemical nature B with respect to
a chemically different A atom being in the center of the shell are mea-
sured. Ratios above 1 in these curves at short distances would indicate
phase separation. Here, all possible combinations of atoms relative to
Al, O, and Si atoms are plotted in Fig. 1(c) for the N polar sample and
Fig. 1(d) for the Ga polar sample. For both samples, all curves remain
close to a value of 1, indicating the absence of phase separation in the
AlSiO layers.

The bottom interfaces between the AlSiO and the GaN layers
were evaluated and compared between the two samples using the 1D
concentration profile in Figs. 1(a) and 1(b). In Fig. 1(a), for the
N-polar sample, the AlSiO/GaN interface is sharp. A thickness transi-
tion of only 1.8nm from a Ga percentage of 90 to 10 was measured in
the growth direction. On the other hand, this transition takes 4.8 nm
for the Ga-polar sample in Fig. 1(b). The interface region between the
Ga-polar GaN layer and the AlSiO layer can be considered as a sepa-
rate intermixed layer of AlGaSiO. To confirm the presence of Ga in
this specific region of the Ga-polar sample, a sampling volume corre-
sponding to the orange area in Fig. 1(b) was chosen for 3D APT
reconstruction. This mass spectrum is shown in Fig. 2. Ions corre-
sponding to the expected evaporations of Al, Si, and O can be clearly
identified. It is also clear from the mass spectrum that Ga69

þþ (mass/q
equal to 34.5), Ga71

þþ (mass/q equal to 35.5), Ga69
þ (mass/q equal to

69), and Ga71
þ (mass/q equal to 71) ions are also detected confirming

the presence of Ga in the interlayer.
The electrical properties of the N-polar and Ga-polar AlSiO

MOSCAP devices were investigated using CV measurements. The CV
data of N-polar and Ga-polar GaN devices, measured at 100 kHz, are
depicted in Fig. 3. The accumulation capacitance in both AlSiO sam-
ples was �0.26 lF/cm2, and the extracted dielectric constant of AlSiO
was �6.7. The flatband voltages were extracted from the CV curves at

FIG. 1. 1D concentration profiles of Al, O,
and Ga along the growth direction and
taken from the APT 3D reconstruction of
(a) the N-polar sample and (b) the
Ga-polar sample. Respective radial distri-
bution analyses showing cross correlation
and self-correlation values for Al, O, and
Si atoms for (c) the N-polar sample and
(d) the Ga-polar sample in sampling
volumes extracted from the gray regions
in (a) and (b).
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the flatband capacitance using the methodology described in Ref. 15.
The flatband voltages of AlSiO on N-polar and Ga-polar GaN were
�1.61 V and�3.88 V, respectively. The presence of a positive flatband
voltage shift of 2.27 V for the N-polar device with respect to the Ga-
polar device indicated that the net fixed charges located at the AlSiO/
GaN interface for the two samples were significantly different. Due to
the absence of inversion symmetry in the GaN crystals, positive and
negative polarization charges exist on the surface of N-polar and Ga-
polar GaN, respectively.16 Studies on MOCVD-grown Al2O3, Si3N4,
and SiO2 showed that compensating negative and positive charges are
present at the dielectric/GaN(N-polar) and dielectric/GaN(Ga-polar)
interfaces, respectively.17–19 This polarity-dependent interface charge
can affect the sign and the magnitude of the flatband voltage. The
accurate measurement of the net interface charge for the AlSiO sam-
ples presented here requires analyzing devices with various thicknesses
to eliminate the effects from the trapped charges,20 which was not the
focus of this study and will be pursued in the future.

The frequency-dependent CV characteristics of AlSiO on N- and
Ga-polar GaN MOSCAPs are shown in Figs. 4(a) and 4(b), respec-
tively. At a given frequency, traps with an energy level close to the
Fermi level and with emission times shorter than the inverse of the
operating frequency are expected to respond to the applied ac signal
and contribute to additional capacitance. The CV behavior in Fig. 4
clearly shows two distinguishable regions for each device. The first
region is where border traps can contribute to additional capacitance
for an applied voltage bias beyond accumulation.21,22 The second
region is where interface states are mostly stimulated for an applied
voltage bias between weak depletion and the onset of accumulation.21,22

CV frequency dispersion was clearly observed for the Ga-polar sample,
which indicated that there was a higher density of border traps and
interface trap states probably due to the presence of large Al-Ga-O
intermixing as shown in the APT results of Figs. 1(b) and 2. In contrast,
the frequency dispersion of the N-polar MOSCAP was significantly
less, thus suggesting improved interface quality with lower interface

FIG. 2. APT mass spectrum measured from 0 to 73 atomic mass units and in the
sampling volume defined as the orange region in Fig. 1(b).

FIG. 3. Capacitance-voltage characteristics of AlSiO on N-polar GaN and AlSiO on
Ga-polar GaN MOSCAP devices, measured at 100 kHz.

FIG. 4. Frequency-dependent CV characteristics of (a) AlSiO on the N-polar GaN
MOSCAP device and (b) AlSiO on the Ga-polar GaN MOSCAP device.

FIG. 5. Interface state distribution of AlSiO on N-polar GaN and AlSiO on Ga-polar
GaN MOSCAP devices.
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states probably due to the presence of a sharp interface between AlSiO
and N-polar GaN as shown in Fig. 1(a).

For a more quantitative analysis on the interface trap distribu-
tion, the photoassisted CV method was used, which employs ultravio-
let (UV) illumination to generate electron-hole pairs that can
recombine via interface state mediated hole capture.23 Dit, shown in
Fig. 5, was extracted through analyzing the CV curves measured in the
dark before and after the UV exposure.23 Due to the presence of a pos-
itive valence band barrier, the holes present at the interface between
GaN and AlSiO can affect the UV-assisted CV measurement, and the
analysis described in Ref. 24 was followed in order to extract the Dit

accurately. The integrated Dit values for the Ga-polar and N-polar
MOSCAPs were 3.1� 1012 cm�2 and 1.48� 1012 cm�2, respectively.
The Dit value of the Ga-polar MOSCAP was about double that of the
N-polar MOSCAP, probably related to the high Al-O-Ga intermixing
that was observed for the Ga-polar sample. The superior electrical
properties of the N-polar AlSiO MOSCAPs presented in this article
are promising for further enhancement of the gate robustness of
N-polar GaN-based HEMTs.

To conclude, by means of atom probe tomography and
capacitance-voltage measurements, the interface abruptness and the
electrical properties of AlSiO grown in situ on N-polar and Ga-polar
GaN were investigated. The properties of the Ga- and N-polar
MOSCAPs exhibited distinct differences, with Dit at the interface
between AlSiO and Ga-polar GaN being about double compared to
that between AlSiO and N-polar GaN. In addition, the dispersion in
the CV characteristics was more significant for the AlSiO Ga-polar
MOSCAPs than the AlSiO N-polar MOSCAPs. The superior proper-
ties of the N-polar AlSiO MOSCAPs are promising for further
advancement of N-polar GaN-based HEMTs.
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