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ABSTRACT

The interface and bulk properties of aluminum-silicon-oxide (AISiO) dielectric grown by metal-organic chemical vapor deposition
(MOCVD) on (001) f-Ga,O3 were investigated systematically using a deep UV-assisted capacitance-voltage methodology. The improved
surface preparation with a combination of UV-ozone and wet chemical treatment reduced near-interface traps resulting in a negligible hys-
teresis. An average interface state density of 6.63 x 10" cm™*eV ™" and AlISiO bulk trap density of 4.65 x 10" cm eV ™" were quantified,
which is half of that for Al,O; deposited by atomic layer deposition (ALD). A net positive interface fixed charge of 1.56 x 10'*cm ™2 was
measured. In addition, a high dielectric breakdown field of ~7.8 MV/cm and more effective suppression of gate leakage were achieved on
these devices compared with ALD-Al,O; on similar metal-oxide-semiconductor (MOS) structures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0048990

The f-Ga,05 has become a promising semiconductor for high-
power applications due to its ultra-wide bandgap (4.9eV), large
Baliga’s figure of merit, and availability of melt growth techniques." °
These superior physical properties have led to great advancements on
various Ga,0;-based devices, including Schottky barrier diodes
(SBDs),”” field-effect transistors (FETs),”'” metal-oxide-semiconduc-
tor FETs (MOSFETs),"" " and modulation-doped ~ FETs
(MODFETs)."" ' A f-Ga,O; MOSFET with a record breakdown
voltage (BV) over 2.6kV was demonstrated leading to a Baliga’s
figure-of-merit of 280 MW/cm?."”

High-quality dielectrics are crucial for enabling high-
performance f-Ga,O; FETs especially because achieving p-type
doping does not seem feasible for this material system. The material
properties of high-quality gate dielectric include high dielectric con-
stant, negligible gate leakage, low density of interface and bulk traps,
and large breakdown field. In particular, given the ultra-wide bandgap
of Ga,O; of 4.9¢eV, there are a relatively limited number of available
gate dielectrics to achieve conduction band offsets >1 eV favored for
MOS structures. Currently, Al,Os, SiO,, HfO,, and their alloys or
bilayer combinations are being extensively investigated in metal-
oxide-semiconductor capacitors (MOSCAPs) and exploited for
Ga,0;-based MOSFETs."”*' A few studies on novel dielectrics for
f-Ga,03 such as ZrO,, LaAl,03, and (Y(6S¢y4),03 films have been

also reported, with each having different advantages over the
others.”” ** Further investigations on developing high-quality dielec-
tric are still needed to improve the gate robustness of Ga,O;-based
FETs to take advantage of its full potential.

Recently, aluminum silicon oxide (AISiO) has been proposed as a
high-performance and reliable gate dielectric for GaN-based devi-
ces.”””” Previous studies showed that the alloying of AL,O5 with sili-
con to form AlSiO has the potential to combine the merits of both
SiO, (Eg = 9.0eV) and ALO; (E; = 6.7 V), thus realizing low density
of interface traps (D;,), high conduction/valence band offset, and high
breakdown strength.”*** Chan et al. reported that AlSiO with a silicon
composition up to 25% grown on Ga-polar GaN by metal-organic
chemical vapor deposition (MOCVD) demonstrated a lower D;, and
enhanced reliability compared to Al,0s.”””” Sayed et al. studied the
impact of GaN polarity and the effect of varying the Si compositions
in AISiO dielectric on the electrical properties of MOS devices.”*”’ Liu
et al. developed a systematic methodology to analyze the interfacial
and bulk qualities of AISiO on N-polar GaN using capacitance-voltage
(C-V) methods, and showed a low Dj; value of 4.4 x 10" cm™>
eV~ '.71? The same group also demonstrated that the post-metallization
annealing of AISiO/GaN MOSCAPs improved operation stability,
reduced near-interface traps, and improved the low-leakage operation
range under forward bias from 0-2.6 MV/cm to 0-4 MV/cm.” The
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promising results of AlSiO as a dielectric for GaN-based devices moti-
vated us to expand its applications to Ga,O;.

In this Letter, the electrical properties of AlSiO/f-Ga,O3 (001)
MOSCAPs were studied. Fixed interface charges and near-interface elec-
tron traps were quantified on samples treated with and without
UV-ozone using C-V methods. The D; was extracted accurately by
accounting for dielectric bulk traps employing deep UV-assisted C-V
method and physical models. The leakage characteristics and the break-
down strength were compared with our most optimized results for
Al Oj; deposited by atomic layer deposition (ALD) on Ga,Oj; (001).

AlSiO/Ga, 05 MOSCAPs were fabricated on a 10 um-thick lightly
Si-doped (6.5 x 10'°cm™?) Ga,O5 layer epitaxially grown by halide
phase vapor epitaxy (HVPE) on an n+ f-Ga,O; (001) substrate.
Three samples were treated with three cycles of UV-ozone and 49%
HE dip prior to the deposition of the AlSiO dielectric layer. One sam-
ple was treated differently, using only 49% HF, to understand the
influence of UV-ozone clean on AlSiO/Ga,0O; interface quality. The
AISiO dielectric, with a silicon composition of 40%, was grown by
metal organic chemical vapor deposition (MOCVD) in a close coupled
showerhead chamber. The AlSiO deposition temperature was 700 °C,
and the TMA], Si,Hg, and O, flows were 3.2 umol/min, 3.2 gmol/min,
and 4.4 mmol/min, respectively. The bandgap (Eg), conduction band
offset (E¢), and valence band offset (Ey;) of AlSiO (with a silicon com-
position of 40%) with respect to Ga,O5; were estimated to be 7.3 eV,
1.9eV, and 0.5V, respectively.”* *° AISiO with various thicknesses
(10 nm, 20 nm, and 30nm) was deposited on three different Ga,05
samples treated by UV-ozone followed by an HF dip. A 30 nm-thick
AISIO dielectric layer was deposited on the sample treated by only dip-
ping in the HF. After the dielectric deposition, the Ohmic contact on
the backside of the sample was achieved by chlorine-based dry etching
and following Ti/Au (20/200 nm) metal stack deposition. The circular
gate contact of Cr/Ti/Au (10/20/200 nm) was then patterned on the
front side of the sample. The cross-sectional schematic of a typical
MOSCAP structure is shown in Fig. 1.

The thickness of AISiO layer was measured on co-loaded Si
wafers using a Woollam M-2000 ellipsometer. C-V measurements
were taken at room temperature using a Keithley 4200 semiconductor
parameter analyzer. The frequency and amplitude of AC signals were
1 MHz and 30 mV, respectively. The DC voltage sweep was set with a
step voltage of 50 mV and a sweep rate of 0.6 V/s. A 254 nm lamp with
an optical power density of 0.13 W/cm?* was used as the deep UV illu-
mination source to ensure sufficient hole generation.

To investigate the impact of UV-ozone clean on AlSiO/Ga,0;
properties, two dual C-V sweeps were conducted on the samples that

Cr/Ti/Au
AISiO 10nm, 20nm, 30nm

Ohmic (Ti/Au)

FIG. 1. Cross-sectional schematic of the AISiO/f-Ga,03 (001) MOSCAP.

scitation.org/journal/apl

were prepared using three cycles of UV-ozone and HF dip. In order to
avoid any possible growth run-to-run variations, the two samples were
co-loaded during the AISiO deposition. The thickness of AISiO on
both samples was 30 nm. In the first C-V sweep, the voltage was swept
from depletion to accumulation in the dark and then held for a 10 min
electrical stress to ensure that all the near-interface slow and fast traps
were filled with electrons, then the voltage was swept back to depletion.
Then another C-V dual sweep was performed without electrical stress,
in which only near-interface fast traps can respond. Note that fast
traps can always induce hysteresis, whereas slow traps once filled
would behave like fixed charges and can no longer induce any hystere-
sis. This is because the emission time constant of slow traps is very
long by definition. Moreover, in n-type Ga,Os, only a few holes are
available to recombine with the trapped electrons due to low minority
carrier generation rate in wide bandgap materials. Therefore, both
near-interface fast and slow traps respond to the first C-V sweep with
10-min stress in accumulation. However, the filled slow traps remain
occupied after the first C-V sweep, and only fast traps can respond
to the second C-V sweep without the additional stress. The hystere-
sis for C-V measurement with and without stress were both higher
for the sample that did not have the UV-ozone treatment as
depicted in Figs. 2(a) and 2(b) and reported in Table 1. The corre-
sponding zoom-in C-V sweeps between —1V and 2V for AISiO/
Ga, 03 MOSCAPs with surface pretreatment of (a) only three cycles
of HF and (b) three cycles of UV-ozone and HF are shown in Figs.
2(c) and 2(d), respectively.

The hysteresis AV is defined to be the voltage shift between for-
ward and reverse sweep at flatband capacitance (Cgp). Crp is”’

1
— 1
e M

€p€yr €0€s

Crp =

where ¢t is the dielectric thickness, and €, and ¢, are the vacuum per-
mittivity and relative dielectric constant of AISiO (measured to be
7.85), respectively. ¢ is the relative permittivity of Ga,0s;. Lp is the
Debye length, which could be obtained by the equation””
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FIG. 2. C-V sweeps of AISiO/Ga,03 MOSCAPs with surface pretreatment of (a)
only three cycles of HF and (b) three cycles of UV-ozone and HF dip. The corre-
sponding zoom-in C-V sweeps between —1V and 2V are depicted for (c) only
three cycles of HF and (d) three cycles of UV-ozone and HF dip, respectively. The
red dotted and black solid lines represent C-V sweeps with and without electrical
stress for 10 min at an accumulation field of 1 MV/cm, respectively.
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TABLE I. Summary of hysteresis with and without stress (AVeg, w/ stress @nd AVeg, wio stress), and calculated near-interface fast and slow traps (Qr. st and Qr. gow), AISIO/

Ga,03 MOSCAPs with surface treatment of only HF or UV-ozone and HF.

A\/FB, w/o stress (V)

A\]FB, w/ stress (V)

QT, fast (Cmiz) QT, slow (Cmiz)

HF
HF + UV ozone

0.29
0.12

0.64
0.31

5.1 x 10!
3.0 x 10"

42 x 10"
1.9 x 10"

€oekT
Lp= | =" 2
D quZ ) ( )

where k is the Boltzmann constant, T'is the measurement temperature,
N, is the doping of semiconductor (~6.5 x 10'°cm ), and q is the
electron charge. The density of near-interface traps close to the con-
duction band edge density Qr can then be calculated by

qQr

€€y

e
Cox

AV t. (3)
The calculated near-interface slow and fast trap densities are summa-
rized in Table I. A combination of repeated UV-ozone and wet chemi-
cal treatment suppressed the fast and slow near-interface traps
significantly. This reduction in the density of near-interface traps sug-
gests a cleaner surface with less defects due to the oxidation and
removal of surface contaminants by a combination of UV-ozone and
HE dip prior to the dielectric deposition.” Similar results were found
previously on Ga-polar GaN high-electron mobility transistors
(HEMTs) with reduced current collapse by ozone oxidation and wet
surface treatment before SisN,, passivation.”

A series of AlSiO/Ga,O3 MOSCAPs with 10 nm-, 20 nm-, and
30 nm-thick AISiO thicknesses were then fabricated in order to extract
density of fixed charge and density of interface states close to the con-
duction band edge, following the methodology in Ref. 32. A combina-
tion of UV-ozone followed by HF dip was employed as surface
pretreatment prior to dielectric deposition for all these samples. The
AVyg values and the linear fit are plotted in Fig. 3(a). The fact that
the linear fit passes through the origin confirms that the measured

(a)

@® w/o stress
B w/ stress

©
w
T

Qya6=2.18x10"" cm?
0.2 @ spe=2.73%10"" o™

Hysteresis AVig (V)
°

o
o

0 5 10 15 20 25 30
AISIO thickness (nm)

fast/slow traps are at or near the dielectric interface. The fast trap den-
sity was extracted to be 2.18 x 10" cm ™2, and the slow trap density
excluding the contribution from fast traps was calculated to be
2.73 x 10" cm ™2 from the fitting slope and using Eq. (3).

Assuming negligible charges in the dielectric, the flatband voltage
is given by "
qQr

€o€r

where Vg is the flatband voltage, Qr is the net charge at the AlSiO/
Ga,O; interface, and @, is the work function difference between
metal and semiconductor. From the Vgp-thickness relationship shown
in Fig. 3(b), a net positive fixed interface charge of 1.56 x 10"* cm™>
was extracted from the fitting slope using Eq. (4).

To extract the D;; more accurately and to account for interface
traps significantly below the conduction band edge as well as hole
traps in the bulk dielectric, we followed a deep UV -assisted C-V meth-
odology developed by Liu et al.”' based on the work of Swenson and
Mishra.*' First, a 10-min accumulation electric field (1 MV/cm) was
applied to the MOSCAPs in the dark to ensure all traps were filled
with electrons. The first forward C-V sweep was then measured and
identified as ideal dark curve. Then, the devices were biased in deple-
tion and illuminated by 254 nm deep UV for 1 min. After the deep UV
illumination, the device was biased in depletion for additional 10 min
to allow generated holes to move toward the AlSiO/Ga,Oj; interface
and recombine with trapped electrons. A second forward post-UV
C-V profile was then measured and marked as post-UV curve. The
band diagrams of AlSiO/Ga,O; MOSCAPs in different UV-assisted

Vrp = —

t+ (DMS7 (4)

GRE T
06} ]
S o4t ]
o
[T
> 02} )
y=-0.036x+1.03
ook Q=+1.56x10"cm? ]
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0 5 10 15 20 25 30 35
AISIO thickness (nm)

FIG. 3. (a) Hysteresis AVgg with and without stress and (b) Vg as a function of AISiO thickness measured on AlSiO/Ga,03 MOSCAPs.
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C-V measurement steps can be found in the supplementary material.
Figure 4(a)-4(c) shows the deep UV-assisted C-V characteristics (left)
and corresponding trap density (D) as a function of energy (right) for
the MOSCAPs with 10 nm-, 20 nm-, and 30 nm-thick AlSiO, respec-
tively. In these figures, the ideal dark curve was shifted to match the
capacitance value of the post-UV curve in the deep depletion regime.
This shift is caused by captured and accumulated holes at the interface
and bulk dielectric. The trap density (D,), which is a combination of
interface states and dielectric bulk traps, was calculated using the fol-
lowing relationship:**

_CuddV_aN,
CAq dys  dyg

where V¢ is the surface potential and can be calculated from the semi-
conductor capacitance and doping concentration; D;; and 1y, are the
density of interface state and bulk trap, respectively. AV is the voltage
difference between the shifted ideal dark curve and post-UV curve at a
given capacitance. Average D, for various thicknesses of AISiO was cal-
culated. Fig. 4(d) shows the linear fit of average D; as a function of
AISiO thickness. An average D;; of 6.63 X 10" em™2eV " and npyy of
4.65 % 10" cm > eV ! were extracted from the y-intercept and slope
of the linear fitting to Eq. (5), respectively. This interface state density
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is approximately half of the D value that was measured using the
same technique on ALD Al,O5 deposited on (001) Ga,0O3; MOSCAPs
fabricated by our group.”” It is worth noting that in UV-assisted C-V
measurements, bulk hole traps can be ionized via (i) exciting electrons
from the trap to the conduction band and (ii) by generated holes in
Ga,05 tunneling and hopping through the traps.

Figure 5 compares the forward breakdown voltage (BV) charac-
teristics of 30-nm AlSiO/Ga,O; MOSCAPs with our previous studies
on ALD AL,0;/Ga,05(001) MOSCAPs."”” The avalanche breakdown
occurred at ~7.8 MV/cm for both AlSiO and AL O; dielectrics. An
operation range of ~3.7MV/cm was achieved on AISiO dielectric
beyond which the leakage current was more than the detection limit
current level (~5 x 10~% A/cm?). This value is larger than the corre-
sponding value (~3.1 MV/cm) that was measured for the ALD-ALOs.
At electric fields above 4 MV/cm and below the BV, the AlSiO/Ga,O3
MOSCAP exhibited two orders of magnitude lower gate leakage than
that of ALD-AL,O3/Ga,O; MOSCAPs. This lower leakage current
could be attributed to the higher conduction band offsets of AlSiO
[AEc (AlSiO)=19eV, AEc (ALO;)=1.5eV],”""" reduced field-
induced trap generation, and possible reduction of electron hopping
from the Ga,O; to the gate metal.”” The promising results demon-
strated in this paper show the potential for using AlSiO as high perfor-
mance and more reliable gate dielectric for Ga,05-based FETs.
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FIG. 4. The measured C-V curves (left) and corresponding Dy profile (right) for (a) 10 nm-, (b) 20 nm-, and (c) 30 nm-thick AlSiO/Ga,0; MOSCAPs. (d) The linear fit of
average trap density as a function of AISIO thickness. The y-axis intercept and slope correspond to the interface density (D) of 6.63 x 10" cm~2eV~" and the bulk trap den-
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FIG. 5. Forward-bias current-voltage characteristics of ALD-Al,04/Ga,0; and
AISiO/Ga,03 MOSCAPs.

In summary, the interface and bulk properties of MOCVD
AISiO deposited on f-Ga,O; were investigated using UV-assisted
capacitance-voltage measurements. Negligible C-V hysteresis was
achieved by a surface pretreatment that included three cycles of
UV-ozone followed by an HF dip. Using deep UV-assisted C-V
method, an average interface state density of 6.63 x 10" cm 2eV ™!
and a hole trap density in the bulk AlSiO of 4.65 x 10" cm eV ™"
were quantified, which is half of that measured on ALD Al,O3/Ga,0;
MOSCAPs. Moreover, MOCVD AlSiO demonstrated more effective
suppression of leakage current compared with ALD Al,O; before ava-
lanche breakdown occurred. The negligible hysteresis, low interfacial
trap density, low leakage current, and high breakdown electric field
achieved on AlSiO/Ga,O; MOSCAPs reveal MOCVD AISiO as a
promising gate dielectric for high-performance Ga,O; devices.

See the supplementary material for band diagrams of AlISiO/
Ga,O3 MOSCAPs in UV-assisted C-V measurement.
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