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In this work, different annealing ambient (nitrogen-oxygen-nitrogen (N2-O2-N2), forming gas-oxygen-forming gas (FG-O2-FG),
and argon-oxygen-argon (Ar-O2-Ar)) were explored to investigate the feasibility of employing the annealed ternary GaxCeyOz
passivation layer (PL) for development of Si-based metal-oxide-semiconductor (MOS) capacitors. The impact of nitrogen and/
or hydrogen in hindering the growth of silicon dioxide (SiO2) interfacial layer (IL) was quantitatively evaluated. The
combination of effects brought by nitrogen attached to oxygen vacancies, nitrogen-silicon bonding, and nitrogen accumulation
at the GaxCeyOz/Si interface effectively minimized the formation of SiO2 IL. Consequently, among all the samples, the
GaxCeyOz PL annealed in N2-O2-N2 ambient exhibited superior MOS characteristics in terms of low effective oxide charge,
slow trap density, interface trap density, and interface state density, which have translated into good leakage current density-
electric field characteristics.

1. Introduction

The persistent downscaling of complementary metal-oxide-
semiconductor (CMOS) devices, which are the foundation
of silicon- (Si-) integrated circuits (IC), serves to enhance
device packing density and minimizes power consumption
of advanced electronic devices [1]. Consequently, the grow-
ing demand of high-performance electronic devices has
pushed the scaling of device dimension to its limit, whereby
the employment of ultrathin silicon dioxide (SiO2) gate
oxide as passivation layer (PL) in Si-based MOS devices
would increase the probability of electrons tunnelling
through the trapezoidal energy barrier [2]. Inevitably, the
occurrence of this direct tunnelling mechanism would pro-
mote the undesirable leakage current during the operation
of Si-based MOS devices contributing towards the genera-
tion of additional heat as well as reliability issues [3]. There-

fore, it is necessary to substitute the conventional SiO2
possessing a low dielectric constant (k = 3 9) with a high-k
material as PL for Si-based MOS devices [4]. The employ-
ment of high-k material would allow the utilization of a
physically thicker PL as well as higher gate capacitance for
Si-based MOS devices, which would ultimately lead to the
accumulation of more charge carriers at the Si channel [5].
Therefore, the utilization of high-k material as a PL in fabri-
cated Si-based MOS devices could potentially result in the
ability to simultaneously endure a higher electric breakdown
field and a lower leakage current density [5, 6]. To this day, a
vast range of high-k substances, such as Al2O3 [7], CeO2 [8],
Yb2O3 [9], ZrO2 [10], HfO2 [11], Nd2O3 [12], La2O3 [13],
MgO [14], and Tm2O3 [15], have been studied as possible
alternatives to SiO2 as the PL for Si-based MOS devices.

Among these investigated high-k materials, CeO2 has
leaped into the forefront to replace conventional SiO2 as
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the PL for Si-based MOS devices due to the intriguing fea-
tures of CeO2, such as high-k values ranging from 10 to 16
[8, 16], large bandgap ranging from 3.0 to 3.6 eV [8, 17],
low interface state density (<1011 cm-2 eV-1) [18], low
stress-induced defect formation [19], and low lattice mis-
match with the Si substrate [20]. The utilization of a physi-
cally thicker, high-k CeO2 PL would effectively reduce the
occurrence of leakage current governed by direct tunnelling
mechanism that would result in an improvement in the
electric breakdown field of the Si-based MOS device with
the usage of CeO2 PL [21]. It was proven in previous
research that Si-based MOS capacitor with CeO2 PL sub-
jected to a combination of post-nitrous oxide (N2O) plasma
treatment and rapid thermal annealing in nitrogen ambient
was able to withstand a high electric breakdown field of
24.67MV/cm [22]. The versatility of CeO2 to be employed
in the applications, such as energy storage, catalysts, and
electrochemical devices, was due to its reversible transition
from oxidation state of Ce4+ to reduction state of Ce3+, but
the feasibility of utilizing this characteristic for passivation
layer was deemed to be quite challenging [23, 24]. Earlier
studies indicated that although CeO2 has shown the potential
as a PL for Si-basedMOS devices, the issue of partial reducibil-
ity of Ce4+ to Ce3+ states remained present as a challenge due
to the polaron hopping mechanism that occurred between
localized states within the forbidden gap, resulting in an
increase in leakage current through the CeO2 PL [25, 26].
The occurrence of this reducibility effect hampering the pas-
sivating property of CeO2 PL was due to the formation of oxy-
gen vacancies [16, 27] that would augment the diffusion of
oxygen by modifying the valance state of CeO2, as observed
in prior studies [26, 28]. Consequently, there was an increase
in the growth of the low-k SiO2 IL due to the availability of a
larger number of oxygen ions to diffuse to the Si surface
[27]. Besides, the formation of oxygen vacancies in the CeO2
PL would also act as a shallow trap that would promote an
increase in leakage current density [29, 30].

In order to circumvent the above-mentioned issue, an
initial approach of improving the passivating properties of
CeO2 was through the doping of tetravalent cations, such as
Zr4+ [31], Sn4+ [32], Si4+ [33], Ti4+ [34], and Hf4+ [35] into
the CeO2 crystal lattice. Unfortunately, prior studies have
revealed that the doping of tetravalent cations into the crystal
lattice of CeO2 has reduced the energy required for defect for-
mation, which in turn promoted the creation of additional
oxygen vacancies [36, 37]. Thus, the creation of additional
deep states within the bandgap of the investigated tetravalent
doped CeO2 would contribute to bandgap narrowing as well
as promoting leakage current [27, 36, 38]. Consequently, the
use of trivalent cations (M3+), such as Mn3+, Gd3+, Sc3+, La3+,
Ho3+, Er3+, and Y3+ ions as a dopant for CeO2, has become
the focus of research as a lower energy is required to dope
the M3+ ions into CeO2 lattice compared to generating oxy-
gen vacancies through CeO2 phase reduction [39, 40].
Although doping of CeO2 by M

3+ leads to the emergence of
additional oxygen vacancies to maintain electroneutrality,
the ability to forge a strong coulombic interaction between
the trivalent ions and oxygen vacancies would give rise to
the formation of vacancy dopant defect clusters (M3+-Vo)

[41, 42]. The generation of M3+-Vo defect pair in CeO2-
doped trivalent ions would increase the energy barrier for
oxygen migration [43], thereby limiting the accumulation
of oxygen ions at the interface. The generation of M3+-Vo
defect pair has been found to exhibit a beneficial effect on
Sc3+-, Ho3+-, and Er3+-doped CeO2, whereby these M

3+ ions
would serve as scavengers of oxygen vacancies, inhibiting the
diffusion of oxygen ions towards the interface [40, 44]. More-
over, the strength of the interaction between M3+-Vo defect
pair was found to be significantly influenced by the ionic
radius difference among the trivalent ions and Ce4+ ions,
indicating that the doping of trivalent ions having smaller
ionic radii could lead to the strengthening of the interaction
between these ions and oxygen vacancies, ultimately leading
to the inhibition of oxygen diffusion [41].

This study proposes to use trivalent gallium (Ga3+) ions
doped into the CeO2 crystal lattice to form a ternary Gax-
CeyOz, whereby a larger difference in ionic radius between
the Ga3+ ion (0.62Å) [45] and the Ce4+ ion (0.97 Å) [46]
would translate to a stronger coulombic interaction between
Ga3+ and oxygen vacancies, thereby restricting oxygen ions
from diffusing to the interface [47]. Additionally, the passiv-
ating properties of the GaxCeyOz PL could be improved due
to the excellent properties of Ga2O3, which includes the pos-
session of a larger bandgap of 4.9 eV [48] as well as high-k
values (10.2-14.2) [49, 50]. Optimizing the postdeposition
annealing parameters is crucial to further improve passivat-
ing characteristics of the GaxCeyOz PL, as previous research
has revealed that the GaxCeyOz PL annealed at 700°C in a
nitrogen-oxygen-nitrogen (N2-O2-N2) ambient has shown
the best MOS characteristics in terms of the minimum leak-
age current density, maximum k value, and the largest band-
gap [51]. Moreover, the process of annealing at a
temperature of 700°C in N2-O2-N2 ambient was found to
be highly effective in regulating the growth of the SiO2 IL
[51]. This was due to the existence of nitrogen ions which
actively participated in attaching to the oxygen vacancies,
thereby hampering oxygen ions from diffusing to the inter-
face [51]. It is worth highlighting that oxygen gas was intro-
duced during dwelling stages regardless of the employment
of different gases during the heating and cooling stages with
the purpose of repairing the oxygen-related defects and bro-
ken bonds [52]. It was proven in other research works that a
reduction in interface trap density [53, 54] and fixed oxide
charge [55, 56] as well as a low leakage current [57, 58]
and negligible hysteresis [59, 60] was reported when the
high-k materials acting as PL were subjected to postdeposi-
tion annealing in oxygen ambient. Nevertheless, postdeposi-
tion annealing in oxygen ambient would result in an
exaggeration in the formation of SiO2 IL between the high-
k PL and Si substrate [61]. Hence, previous investigation
on high-k materials as the PL has diverted towards the usage
of nitrogen ambient during postdeposition annealing pro-
cess for the nitrogen ions to diffuse to the interface between
the PL and Si substrate, to accumulate, and to form a barrier
layer in order to impede the formation of SiO2 interfacial
layer [62]. Moreover, the utilization of ambient comprising
of nitrogen and hydrogen gases during postdeposition
annealing would facilitate the reduction of defect states and
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the improvement of interface quality by passivating the Si
dangling bonds with either the hydrogen or the nitrogen, as
well as by having the nitrogen to attach to oxygen vacancies,
which would eventually improve leakage current density and
breakdown field of the Si-based MOS devices [63, 64].
Besides nitrogen and hydrogen gases, the beneficial effects
of utilizing argon ambient during postdeposition annealing
were also being highlighted for other high-k PL, wherein an
improvement in leakage current density, interface trap den-
sity, and effective oxide charge, as well as the mitigation in
the formation of SiO2 interfacial layer, was reported when
argon ambient was being used [65, 66]. Dissimilar from pre-
vious work, this work intends to utilize different combina-
tions of gases during postdeposition annealing process,
whereby different gases will be used during the heating and
cooling stages while oxygen gas will be kept the same during
the dwelling stage of the postdeposition annealing process.
Hence, a combination of forming gas-oxygen-forming gas
(FG-O2-FG), nitrogen-oxygen-nitrogen (N2-O2-N2) [51],
and argon-oxygen-argon (Ar-O2-Ar) at 700

°C was used to
provide a comparative study on the structural, morphologi-
cal, optical, and metal-oxide-semiconductor (MOS) charac-
teristics of GaxCeyOz PL deposited on Si substrate, which
has not been reported in previous works.

2. Experimental

The 4-inch n-type Si substrate (100) orientation was sliced
into 1 cm2 dimension and subjected to standard Radio Cor-
poration of America (RCA) cleaning process. Following that,
the RCA cleaned samples were immersed in a diluted hydro-
fluoric (HF) acid solution to etch the native oxide of SiO2
from the surface of Si substrate. It was highlighted in previ-
ous research works on the importance of chemical purity in
the formation of a high-quality passivation layer, wherein all
chemicals being used in this work are having a purity level of
99.99% [67, 68]. Initially, 0.191 g of gallium(III) nitrate
hydrate (Sigma-Aldrich, 99.99%) was dissolved in 5ml of
methanol (J.T. Baker, analytical grade) and stirred for
15min at 30°C on a hot plate to form a 0.25M gallium-
containing precursor. Subsequently, 1.0936 g of cerium(III)
acetylacetonate hydrate (Sigma-Aldrich, 99.99%) was dis-
solved in 3ml of methanol (J.T. Baker, analytical grade)
and 6ml of acetic acid (J.T. Baker, CMOS grade) and stirred
for 15min at 60°C to prepare a 0.25M cerium-containing
precursor. Finally, the cerium- and gallium-containing pre-
cursors were stirred continuously for 30min at 60°C to
obtain a ratio of 1 : 1. Then, the resulting GaxCeyOz precur-
sor was cooled down to room temperature. Subsequently,
the GaxCeyOz precursor was spin-coated on an RCA-clean
n-type Si substrate with an rpm of 3000 for 30 s. These
as-deposited samples were subjected to postdeposition
annealing in different ambient of FG-O2-FG, N2-O2-N2,
and Ar-O2-Ar for 30min at 700°C in a quartz tube furnace.
During the heating and cooling stages, FG or N2 or Ar
(100ml/min) was flown into the furnace while O2 gas with
a similar flow rate was employed during the dwelling stage.
After completing the postdeposition annealing process, the
Al/GaxCeyOz/Si/Al MOS capacitors were realised by evapo-

rating aluminium (Al) contact on the surface of the Gax-
CeyOz PL using a shadow mask (diameter = 0 2mm) and a
layer of Al was deposited as the back contact on Si substrate.

Crystalline phase and orientation of the investigated
GaxCeyOz PL subjected to different postdeposition annealing
ambient were characterized using grazing incident X-ray dif-
fraction (GIXRD; Bruker D8 Discover) analysis. The surface
morphologies and cross sectional images, as well as elemen-
tal composition of the investigated GaxCeyOz PL, were car-
ried out using field-emission scanning electron microscopy
(FESEM; FEI Nova NanoSEM 450) equipped with energy
dispersive X-ray analysis (EDX; JSM-6460 LV). The estima-
tion of thickness for the GaxCeyOz PL and SiO2 IL was deter-
mined based on the acquired X-ray reflectivity (XRR) results
measured using Bruker D8 Discover. 3-dimensional topog-
raphies as well as root-mean-square (RMS) roughness of
the investigated GaxCeyOz PL were characterized using
atomic force microscopy (AFM; Dimension Edge, Bruker).
The bandgap of investigated GaxCeyOz PL was extracted
from diffused reflectance spectra acquired using ultravio-
let–visible (UVVIS) spectrophotometer (Cary 5000). The
capacitance-voltage (C-V) and current-voltage (I-V) charac-
teristics of the investigated samples were measured using
Keithley 4200-SCS parameter analyzer.

3. Results and Discussions

3.1. Structural, Chemical, and Optical Characteristics of
GaxCeyOz PL Annealed in FG-O2-FG, N2-O2-N2, and Ar-
O2-Ar Ambient. The GIXRD pattern as represented in
Figure 1 indicates that the GaxCeyOz PL annealed in FG-
O2-FG, N2-O2-N2, and Ar-O2-Ar ambient at 700°C have
emerged as polycrystalline, with the detection of GaxCeyOz
phase oriented in (111), (200), (220), and (311) planes for
all of the GaxCeyOz PL, which were indexed with the Interna-
tional Centre for Diffraction Data (ICDD) file no. 00-034-
0394 for cubic fluorite CeO2 phase. Additionally, it was also
perceived that no additional phases with regard to either
cubic Ga2O3 (ICDD file no. 00-020-0426) or monoclinic
Ga2O3 (ICDD file no. 00-041-1103) phases were detected
from the attained GIXRD results indicating that no phase
separation has taken place. Furthermore, it was observed that
the GIXRD peaks associated with the GaxCeyOz phase exhib-
ited a displacement towards a higher diffraction angle in con-
trast to the CeO2 phase documented in the ICDD file no. 00-
034-0394. This could be an indication that Ga3+ ions having a
smaller ionic radius of 0.62Å than Ce4+ ions (0.97Å) have
successfully doped into the CeO2 crystal framework to form
ternary GaxCeyOz phase.

The lattice parameter a of the investigated GaxCeyOz PL
was determined based on the equation given below [69]:

nλ = 2dhkl sin θ,

1
dhkl

2 =
h2 + k2 + l2

a2
,

1

where dhkl, θ, and hkl are the interplanar spacing, diffraction
angle, and Miller’s index, respectively. Table 1 presents the
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calculated lattice parameter a for the investigated GaxCeyOz
PL subjected to annealing at 700°C in different ambient. It
has been noted that all GaxCeyOz PL have undergone lattice
contraction in comparison to standard CeO2, which has a
lattice parameter of 0.5411 nm [70]. This observation sup-
ports the successful doping of Ga3+ ions, which have a
smaller ionic radius than Ce4+ ions, into the CeO2 crystal
lattice, resulting in the formation of a ternary GaxCeyOz
phase. Of these investigated GaxCeyOz PL, it was noticed
that GaxCeyOz PL annealed in N2-O2-N2 ambient has
attained the smallest lattice parameter a (Table 1). The
observation at hand may potentially be attributed to the
generation of an elevated concentration of oxygen vacancies
within the GaxCeyOz PL during the annealing process in
N2-O2-N2 ambient. This, in turn, could result in the attach-
ment of nitrogen ions to the generated oxygen vacancies,
hence leading to the release of adjacent oxygen ions from
the GaxCeyOz lattice as a means of achieving charge neu-
trality [51]. It was noticed that a smaller reduction in the
lattice parameter a was attained for GaxCeyOz PL subjected
to annealing in FG-O2-FG ambient compared to N2-O2-N2
ambient. The aforementioned observation implied that the
coexistence of hydrogen and nitrogen ions during anneal-
ing in an FG-O2-FG ambient would result in the hydrogen
ions, which possess a smaller ionic radius (0.0290nm) [71]
in comparison to the nitrogen ions (0.1460nm) [72], diffus-
ing at a faster rate to attach with the oxygen vacancies in
the GaxCeyOz lattice. Subsequently, the nitrogen ions from
the FG-O2-FG ambient that were diffusing at a slower rate
would be attached to the unoccupied oxygen vacancies in
the GaxCeyOz lattice in which an excess of negative charges
would be generated in the GaxCeyOz PL annealed in FG-
O2-FG ambient. Nevertheless, due to the earlier attachment
of hydrogen ions with oxygen vacancies that have contrib-
uted to the generation of an excess positive charges in the
GaxCeyOz lattice, charge compensation has taken place and
the release of adjacent oxygen ions to achieve charge neutral-
ity in the GaxCeyOz PL annealed in FG-O2-FG ambient was
not required. Upon analysis, it was observed that the peaks
corresponding to the GaxCeyOz phase in the PL annealed in

the FG-O2-FG ambient have shifted towards smaller diffrac-
tion angles in comparison to the N2-O2-N2 ambient. This
finding serves as substantiating proof that the generation of
oxygen vacancies in the GaxCeyOz PL was reduced in the
FG-O2-FG ambient. Since postdeposition annealing carried
out in Ar-O2-Ar ambient did not involve the incorporation
of nitrogen and/or hydrogen ions into the GaxCeyOz lattice,
the attachment of the ions to oxygen vacancies would not
happen, and therefore, supposedly the amount of oxygen
vacancies present in the GaxCeyOz PL could be the most sig-
nificant when compared with the other two ambient, and an
abrupt decrease in the lattice parameter a should be expected.
Nevertheless, it was noticed that the attained lattice parame-
ter a for this sample (0.5387 nm) was close to the lattice
parameter a of the standard CeO2 sample (0.5411 nm) and
to be specific was smaller than CeO2. This disparity indicated
that the acquisition of a similar lattice parameter awas linked
to the doping of Ga3+ into the CeO2 crystal lattice, as opposed
to the result of either nitrogen or hydrogen ions attached
with the oxygen vacancies.

Further scrutiny was conducted through the utilization
of EDX analysis on the scrutinized GaxCeyOz PL, and the
resulting findings are subsequently depicted in Table 2. It
was perceived that the sample annealed in FG-O2-FG ambi-
ent attained a higher atomic percentage (at%) of nitrogen
when compared to N2-O2-N2 ambient although the employ-
ment of forming gas ambient was contained of a lower pro-
portion of nitrogen (90%) in contrast to pure nitrogen
ambient. The aforementioned observation has served to bol-
ster the prior postulation that the utilization of FG-O2-FG
ambient would incite the initial attachment of hydrogen ions
to the oxygen vacancies, owing to the superior diffusion rate
of hydrogen ions as compared to nitrogen ions. Since the
ionic radius of hydrogen ions was smaller than that of nitro-
gen ions, the attachment of hydrogen ions to the oxygen
vacancies would provide sufficient space in the lattice for
the passage of the nitrogen ions to the interface between
the GaxCeyOz PL and Si substrate when compared with the
attachment of nitrogen ions to the oxygen vacancies. Conse-
quently, the outcome of the postdeposition annealing pro-
cess in FG-O2-FG ambient was the buildup of a higher
concentrations of nitrogen ions at the interface to act as a
more potent oxygen diffusion barrier layer, which is highly
effective in hindering the formation of SiO2 IL. The lower
value of at% of nitrogen in the GaxCeyOz PL annealed in
N2-O2-N2 ambient could be due to the higher likelihood of
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Figure 1: GIXRD patterns of GaxCeyOz PL annealed in different
ambient of N2-O2-N2 [51], FG-O2-FG, and Ar-O2-Ar.

Table 1: Lattice parameter a, crystallite size D, and microstrain ε
for GaxCeyOz PL annealed in different ambient of N2-O2-N2 [51],
FG-O2-FG, and Ar-O2-Ar as well as lattice parameter a for
standard CeO2.

Annealing
ambient

Lattice parameter
a (nm)

Crystallite
size D (nm)

Microstrain ε

N2-O2-N2 0.5350 15.92 0.0072

FG-O2-FG 0.5380 13.87 0.0057

Ar-O2-Ar 0.5387 19.99 0.0109

Standard CeO2 0.5411 — —
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nitrogen ions attaching to the oxygen vacancies, wherein
narrower spacing within the GaxCeyOz lattice would impede
the nitrogen ions from diffusing towards the interface. This
indicates that the initially inward diffusing nitrogen ions
that were unable to form attachment with oxygen vacancies
or diffuse to the interface between GaxCeyOz PL and Si sub-
strate would subsequently diffuse out of the PL aiding in
the acquisition of a lower at% of nitrogen during annealing
in N2-O2-N2 ambient. It was noticed that the acquisition of
a higher at% of oxygen for GaxCeyOz PL annealed in FG-
O2-FG ambient when compared with N2-O2-N2 ambient
has further reinforced that the simultaneous attachment of
hydrogen and nitrogen ions with oxygen vacancies has
minimized the release of oxygen ions from GaxCeyOz lat-
tice. Nevertheless, it was perceived that Ar-O2-Ar ambient
has led to the attainment of the minimum at% of oxygen
in GaxCeyOz PL, but it did not necessarily translate into
large amount of oxygen vacancies as evidenced by the close
lattice parameter a between CeO2 and GaxCeyOz.

The FESEM images of the examined GaxCeyOz PL
shown in Figure 2 could be utilized to analyze the effective-
ness of nitrogen and/or hydrogen ions in hindering the for-
mation of SiO2 IL. The total oxide thickness of the
investigated PL was calculated from 10 distinct points, as
illustrated in Table 3. It was deduced that the existence of
nitrogen and/or hydrogen ions was effective in minimizing
the formation of SiO2 IL as the average total oxide thickness
obtained by both GaxCeyOz PL subjected to postdeposition
annealing in N2-O2-N2 (30.41 nm) and FG-O2-FG ambient
(40.16 nm) was lower than that of Ar-O2-Ar (53.75 nm). In
addition, it was also divulged that FG-O2-FG ambient was
not as effective as N2-O2-N2 ambient in retarding the diffu-
sion of oxygen ions to react with Si surface as a larger aver-
age total oxide thickness was attained by the GaxCeyOz PL
annealed in FG-O2-FG ambient. The proposition being put
forward posited that the accumulation of hydrogen ions at
the interface may be comparatively inadequate in impeding
the diffusion of oxygen ions towards the interface, in con-
trast to the accumulation of nitrogen ions at the same inter-
face. It was hypothesised that the accumulation of hydrogen
ions with a smaller ionic radius at the interface and a weaker
bond strength between the hydrogen ions and Si [68] would
enable the oxygen ions to either bypass or disrupt these
bonds, leading to the reaction with the underlying Si surface
during annealing in FG-O2-FG ambient. This reaction
would contribute to the development of a thicker SiO2 IL
in comparison to N2-O2-N2 ambient.

To ascertain the thickness of the GaxCeyOz PL and SiO2
IL subjected to annealing in varying postdeposition anneal-
ing ambient, the resulting XRR data was subjected to fitting

procedures using the Bruker DIFFRAC Leptos software (ver-
sion 7.10.0.12). The XRR experimental and fitted results for
the investigated GaxCeyOz PL are illustrated in Figure 3.
Outcome from the analysis of the XRR findings, it was fur-
ther reinforced that the accumulation of nitrogen ions at
the interface as well as the bonding between the nitrogen
ions and Si were less susceptible for the oxygen ions to
bypass the accumulated nitrogen ions at the interface as well
as breaking the bonding between nitrogen ions and Si. Thus,
the lowest thickness of SiO2 IL (0.96 nm) was attained for
the GaxCeyOz PL annealed in N2-O2-N2 ambient. Nonethe-
less, thicker SiO2 IL was formed for GaxCeyOz PL annealed
in FG-O2-FG (2.32 nm) and Ar-O2-Ar (6.94 nm) denoting
that the oxygen ions diffusing towards the interface region
were less retarded when compared with N2-O2-N2 ambient.
The activation energy (Ea) related to the growth of SiO2 IL
or the densification of GaxCeyOz PL postdeposition annealed
in different ambient could be calculated using the subse-
quent equation [73]:

t = to exp − , 2

where t is the thickness of SiO2 IL or GaxCeyOz PL after post-
deposition annealing in different ambient, to is the thickness
of SiO2 IL (0.20 nm) or GaxCeyOz PL (160.64 nm) for the
as-deposited sample [51], k is Boltzmann’s constant, and
T is the postdeposition annealing temperature in Kelvin.
The PL that underwent annealing in Ar-O2-Ar and FG-
O2-FG ambient had larger Ea values of 2 603 × 10−1 and
2 533 × 10−1 eV, respectively, indicating an exaggerated for-
mation of SiO2 IL when compared to N2-O2-N2 ambient
(1 287 × 10−1 eV). Besides, it was also observed that all of
the investigated GaxCeyOz PL were undergoing densifica-
tion process due to the acquisition of Ea of 1 462 × 10−1,
1 356 × 10−1, and 0 932 × 10−1 eV for N2-O2-N2, FG-O2-
FG, and Ar-O2-Ar ambient, respectively. It was postulated
that the acquisition of the smallest Ea by GaxCeyOz PL
annealed in Ar-O2-Ar ambient could be related to the
absence of nitrogen and/or hydrogen ions in which the
release of oxygen ions during the incorporation of gallium
ions into CeO2 crystal lattice would either diffuse out from
the PL or diffuse inward to react with Si surface, and thus,
a less denser PL was formed. Although oxygen gas was
being introduced during the dwelling stage for different
postdeposition annealing ambient, the existence of nitro-
gen and/or hydrogen ions at the interface during anneal-
ing in N2-O2-N2 and FG-O2-FG ambient would possibly

Table 2: Elemental composition for the GaxCeyOz PL annealed in
different ambient of N2-O2-N2 [51], FG-O2-FG, and Ar-O2-Ar.

Annealing ambient O (at. %) Ce (at. %) Ga (at. %) N (at. %)

N2-O2-N2 69.45 16.89 9.80 3.85

FG-O2-FG 69.84 16.09 9.43 4.64

Ar-O2-Ar 64.92 24.34 10.73 —

200 nm

(a)

200 nm

(b)

200 nm

(c)

Figure 2: Cross-sectional FESEM images of GaxCeyOz PL annealed
in (a) N2-O2-N2, (b) FG-O2-FG, and (c) Ar-O2-Ar ambient.
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restrict the oxygen ions from reacting with Si surface, of
which the unreacted oxygen ions would possibly diffuse
outward and participate in the densification of the Gax-
CeyOz PL. It was hypothesised that the acquisition of a
lower Ea by the GaxCeyOz PL annealed in FG-O2-FG than
that of N2-O2-N2 ambient could be associated to the inclu-
sion of additional hydrogen ions into the GaxCeyOz lattice,
which restricted the densification of this PL.

The Williamson-Hall (W-H) approach was adopted to
estimate the microstrain (ε) and crystallite size (D) of the
GaxCeyOz PL, as represented by the subsequent equation [74]:

βi cos θi
λ

=
1
D

+
4ε sin θi

λ
, 3

where λ, θi, and βi are X-ray wavelength, diffraction angle,
and integral breadth (in radius 2θ) of the ith Bragg reflection
positioned at 2θi. Figure 4 presents the typical W-H plot for
GaxCeyOz PL annealed in N2-O2-N2 ambient. The slope and
intercept from the constructed W-H plots were used to calcu-
late the ε and D, respectively, for the investigated GaxCeyOz
PL annealed at 700°C in different ambient. Table 1 presents
the estimated values of ε and D for the GaxCeyOz PL. It was
discerned that GaxCeyOz PL annealed in both N2-O2-N2
and FG-O2-FG ambient have attained smaller D when com-
pared with GaxCeyOz PL annealed in Ar-O2-Ar ambient. This

observation could be associated to the existence of nitrogen
and/or hydrogen ions in the GaxCeyOz PL annealed in both
N2-O2-N2 and FG-O2-FG ambient that have restricted the
coalescence of crystallites. During annealing in Ar-O2-Ar
ambient, the absence of any additional nitrogen and/or
hydrogen ions implies that the oxygen ions that diffused into
the PL during dwelling stage could occupy the oxygen vacan-
cies in the GaxCeyOz lattice and assisted in the coalescence of
crystallites, after which these oxygen ions were released to dif-
fuse to the interface and react with the underlying Si surface.
Therefore, the largest D was obtained for the GaxCeyOz PL
annealed in Ar-O2-Ar ambient. Moreover, the attainment of
the largest tensile ε in the GaxCeyOz PL annealed in Ar-O2-
Ar ambient could be linked to the formation of oxygen vacan-
cies in the PL. A reduction in tensile ε of the GaxCeyOz PL
annealed in N2-O2-N2 ambient has suggested that the attach-
ment of nitrogen ions to the oxygen vacancies would mini-
mize the tensile ε induced on the GaxCeyOz lattice. When
FG-O2-FG ambient was being employed during postdeposi-
tion annealing, the lessening in the release of adjacent oxygen
ions due to the attachment of both hydrogen and nitrogen
ions to the oxygen vacancies has reduced the concentration
of oxygen vacancies being formed in GaxCeyOz PL, and thus,
the lowest tensile ε was obtained for this PL.

The determination of the preferred orientation for the
GaxCeyOz PL was accomplished by determining the coeffi-
cient of texture (Thkl), which was formulated through the
subsequent equation [75]:

Thkl =
Im hkl
Io hkl

÷
1
n
〠
n

1

Im hkl
Io hkl

, 4

where Io hkl is the intensity of the CeO2 standard refer-
ence sample containing the same plane, Im hkl is the mea-
sured relative intensity of reflection from the (hkl) plane for
GaxCeyOz phase, and n is the number of GaxCeyOz reflection
peaks. Figure 5 shows the computed Thkl values of the inves-
tigated GaxCeyOz PL. A reference line of Thkl value equal to 1
was also included in Figure 5 to denote the preferred growth
in the specific plane. It was observed that GaxCeyOz PL
annealed in N2-O2-N2 ambient has attained a preferred ori-
entation along (200) plane. Nonetheless, the dominance of
(200) plane has subsided with the emergence of (311) plane
with Thkl value larger than 1 when the GaxCeyOz PL was
annealed in FG-O2-FG ambient. When Ar-O2-Ar ambient
was being employed during postdeposition annealing, it

Table 3: Thicknesses of GaxCeyOz PL and SiO2 IL extracted from XRR measurements for the investigated GaxCeyOz PL. Total oxide
thickness of the investigated GaxCeyOz PL acquired from XRR and cross-sectional FESEM characterizations. The calculated k values
using total oxide thickness from XRR measurement for the investigated GaxCeyOz PL.

Annealing ambient
XRR: GaxCeyOz PL
thickness (nm)

XRR: SiO2 IL
thickness (nm)

XRR: total oxide
thickness (nm)

Cross-sectional FESEM:
total oxide thickness (nm)

k value

N2-O2-N2 28.054 [51] 0.958 [51] 29.012 [51] 30.4 11.27 [51]

FG-O2-FG 36.240 2.321 38.561 40.2 18.24

Ar-O2-Ar 45.112 6.942 52.054 53.7 15.94
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Figure 3: The experimental and fitted XRR result for GaxCeyOz PL
annealed in different ambient of N2-O2-N2 [51], FG-O2-FG, and
Ar-O2-Ar.
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was noticed that a mixed preferred orientation in (111) and
(200) planes was attained with the (111) plane being more
pronounced than (200) plane.

The UVVIS measurements in diffused reflectance mode
enabled the determination of the direct (ED) and indirect
bandgap (EID) of the GaxCeyOz PL by adopting the
Kubelka-Munk (KM) function that could be represented
by the subsequent equation [76]:

F R =
1 − R 2

2R
, 5

where R is the diffused reflectance and the F R function is
multiplied by the photon energy hv using 1/2 and 2 as the
corresponding coefficients (n) for direct band and indirect
band transitions, respectively. The direct Eg (E

D) and indi-

rect Eg (EID) values of the investigated GaxCeyOz PL were
extracted via extrapolation on the linear region of
F R × hv n vs. hv plot to zero (not shown). The extracted
ED and EID values for the investigated GaxCeyOz PL are rep-
resented in Figure 6. It is noteworthy that the extracted values
of ED and EID from the investigated GaxCeyOz PL, which
ranged from 3.87 to 4.07 eV and 2.99 to 3.68 eV, respectively,
were within the reported range of ED (4.85 eV) and EID

(4.66 eV) for Ga2O3, as well as ED (3.12 eV) and EID

(2.58 eV) for CeO2 [73, 77]. This suggests that the Ga
3+ cat-

ion has been successfully doped into the CeO2 crystal lattice,
resulting in the formation of ternary GaxCeyOz phase.
Among the investigated samples, the GaxCeyOz PL annealed
in N2-O2-N2 ambient has attained the lowest ED (3.87 eV)
and EID (2.99 eV), which has denoted that the incorporation
of nitrogen ions into the GaxCeyOz lattice would trigger the
narrowing of ED and EID. Similar observation has also been
reported for nitrogen-doped CeO2 nanoparticles prepared
through wet chemical route [78]. The enlargement of ED

and EID for GaxCeyOz PL annealed in FG-O2-FG ambient
was in agreement with previous discussion that a higher con-
centration of nitrogen ions has diffused to the interface when

compared with N2-O2-N2 ambient, wherein the attachment
of nitrogen ions to oxygen vacancies could be lower, leading
to the acquisition of larger ED (3.90 eV) and EID (3.10 eV).
Nevertheless, GaxCeyOz PL annealed in Ar-O2-Ar ambient
has attained the largest ED (4.07 eV) and EID (3.68 eV) as
no additional nitrogen and hydrogen ions were introduced
into the GaxCeyOz lattice.

The typical surface morphology of GaxCeyOz PL
annealed in Ar-O2-Ar ambient that was characterized using
FESEM technique is shown in Figure 7(d). It was revealed
that all of the investigated GaxCeyOz PL have acquired a
smooth surface without visible cracks or voids. Additional
assessment was conducted utilizing the AFM characteriza-
tion, whereby the 3-dimensional surface topographies of
the GaxCeyOz PL were acquired at a scanning area of
10μm2 as presented in Figure 7. It was observed that smaller
dimension protrusions with comparable height were uni-
formly formed throughout the surface of GaxCeyOz PL
annealed in a N2-O2-N2 ambient (Figure 7(a)) leading to
the attainment of the lowest root-mean-square (RMS)
roughness of 0.793 nm. A substantial increment in RMS
roughness to 2.080 nm was noticed when the GaxCeyOz PL
was annealed in FG-O2-FG ambient, wherein a mixture of
protrusions with large and small dimensions was formed
throughout the surface of this PL (Figure 7(b)). It was
observed that the surface of GaxCeyOz PL annealed in Ar-
O2-Ar ambient was comprised of a section with extremely
larger protrusion (Figure 7(c)), and thus, the highest RMS
roughness of 2.580 nm was attained.

3.2. The Metal-Oxide-Semiconductor (MOS) Characteristics
of the Al/GaxCeyOz/4H-SiC/Al MOS Capacitor. The bidirec-
tional C-V curves measured at 1MHz with applied voltage
from -4 to +4V for GaxCeyOz PL subjected to different post-
deposition annealing ambient are depicted in Figure 8. The
estimation of dielectric constant (k) values has been carried
out based on the subsequent equation [79]:

k =
Coxtox
εoA

, 6

where Cox, tox, εo, and A refer to the value of capacitance at
accumulation level, total oxide thickness obtained from the
XRR measurements (Table 3), free space permittivity, and
metal contact area, respectively. The highest k value of
18.24 was perceived by the GaxCeyOz PL annealed in FG-
O2-FG ambient, despite the formation of a thicker SiO2 IL
(2.32 nm) as evidenced by XRR measurement in comparison
to the sample annealed in N2-O2-N2 ambient (0.96 nm). It
was reported previously that the formation of thicker SiO2
IL possessing a lower k value of 3.90 would possibly contrib-
ute to the reduction of the overall k value of the investigated
PL [78]. It was worth noting that the total capacitance (Ctot)
of a MOS structure comprising of GaxCeyOz PL and SiO2 IL
could be determined by the equation given below [80]:

1
Ctot

=
1
Cox

+
1
CIL

, 7
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Figure 4: Typical W-H plot for GaxCeyOz PL annealed in N2-O2-
N2 ambient.

7International Journal of Energy Research



where Cox and CIL are referring to the capacitance of Gax-
CeyOz PL and SiO2 IL, respectively. Based on this equation,
it was deduced that the value of capacitance in the accumu-
lation level for the GaxCeyOz PL annealed in FG-O2-FG
ambient could be dominated by the capacitance of GaxCeyOz
PL rather than the capacitance of SiO2 IL. Similarly, it was
also discovered that the k value of GaxCeyOz PL annealed
in Ar-O2-Ar ambient (k = 15 94) was also controlled by the
capacitance value of GaxCeyOz PL, wherein the formation
of thicker SiO2 IL (6.94 nm) did not contribute to the acqui-
sition of a higher k value when compared with GaxCeyOz PL
annealed in N2-O2-N2 ambient (k = 11 27). A comparison
between the k values obtained by GaxCeyOz PL annealed in
FG-O2-FG (k = 18 24) and Ar-O2-Ar (k = 15 94) ambient
has disclosed that the formation of thicker SiO2 IL would
contribute to the reduction in k value, but the impact
towards the k value could be less significant when compared

to the thickness of GaxCeyOz PL. Although GaxCeyOz PL
annealed in N2-O2-N2 ambient has achieved a better den-
sification than other PL, the reason of getting the lowest k
value for this PL remains unknown. Nevertheless, it was
determined in this work that the lowest k value (11.27)
obtained by the GaxCeyOz PL annealed in N2-O2-N2 ambi-
ent at 700°C was higher than the CeO2 passivation layers
subjected to postdeposition annealing within the range of
600 (k = 9 70) to 800°C (k = 6 30) in N2-O2-N2 ambient
[8] and CeO2 PL annealed at 700°C (k = 8 00) in oxygen
ambient [81], suggesting that the incorporation of Ga3+

into CeO2 lattice has contributed to the attainment of a
larger k value.

The presented C-V curves for the investigated GaxCeyOz
PL in Figure 8 disclosed that negative flat band voltage shift
(ΔVFB) was attained for all samples denoting the existence of
positively charged traps in the investigated GaxCeyOz PL. It
was ascertained that the largest negative ΔVFB was perceived
by the GaxCeyOz PL annealed in Ar-O2-Ar ambient desig-
nating the formation of the highest density of positively
charged traps, which might be due to the formation of
oxygen vacancies in the GaxCeyOz PL. When FG-O2-FG
ambient were employed, the attachment of nitrogen and
hydrogen ions to the oxygen vacancies simultaneously
has hindered the released of adjacent oxygen ions from
the GaxCeyOz lattice, wherein a smaller negative ΔVFB
was perceived by this PL when compared with GaxCeyOz
PL annealed in Ar-O2-Ar ambient. Moreover, the accumu-
lation of negatively charged nitrogen ions at the interface
would also compensate the positively charged oxygen vacan-
cies in the GaxCeyOz PL annealed in FG-O2-FG ambient
leading to the reduction in the overall positive charges in this
PL. Furthermore, it was noticed that GaxCeyOz PL annealed
in N2-O2-N2 ambient was comprised of the lowest density
of positively charged traps due to the acquisition of the smal-
lest negative ΔVFB. Nevertheless, GIXRD measurement has
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disclosed the detection of GaxCeyOz peaks demonstrating the
largest variation when compared with standard CeO2 sample
for GaxCeyOz PL annealed in N2-O2-N2 ambient. This obser-
vation has implied the existence of more positively charged
oxygen vacancies in the GaxCeyOz PL annealed in N2-O2-
N2 ambient in which the adjacent oxygen ions in GaxCeyOz
lattice were released when nitrogen ions were being attached
to the oxygen vacancies. In order to explain this discrepancy,
it was postulated that the attachment of nitrogen ions to the
oxygen vacancies during annealing in N2-O2-N2 ambient
would provide a smaller space in the GaxCeyOz lattice for
the subsequent nitrogen ions to diffuse through. As a result,

these unattached negatively charged nitrogen ions could lin-
ger in the GaxCeyOz lattice contributing to the acquisition of
the lowest density of positively charged traps for GaxCeyOz
PL annealed in N2-O2-N2 ambient. In order to further verify
the density of positively charged traps in the investigated
GaxCeyOz PL, the following equation was used to calculate
the effective oxide charge (Qeff ) of the investigated PL [82]:

Qeff =
ΔVFBCox

qA
, 8

where q represents electronic charge. Figure 9 shows the cal-
culatedQeff values for the investigated GaxCeyOz PL. In addi-
tion, it was also determined that the Qeff values ranging from
1 83 × 1012 to 4 39 × 1012 cm-2 obtained by the GaxCeyOz
passivation layer annealed in different ambient of N2-O2-N2,
FG-O2-FG, and Ar-O2-Ar ambient were lower than the previ-
ously reported TaxGdyOz (5 45 × 1012 cm-2) [83] and HfO2

(4 78 × 1012 cm-2) [84] PL deposited on the Si substrate.
Further examination on the slow traps formed in the

investigated GaxCeyOz PL was calculated using the following
slow trap density (STD) equation [85]:

STD =
ΔVCox
qA

, 9

where ΔV is the difference between forward and reverse
bias flat band voltage. Figure 9 presents the calculated
STD of the investigated GaxCeyOz PL. Among all the inves-
tigated GaxCeyOz PL, the lowest STD was acquired by the
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GaxCeyOz PL annealed in N2-O2-N2 ambient, which could
be related to the negatively charged nitrogen ions accumu-
lated at the interface. When the electrons were being
injected during forward biased, these electrons would not
be attracted to the negatively charged nitrogen ions accu-
mulated at the interface, and thus, the probability of trap-
ping the electrons would be lower leading to the
attainment of the lowest STD for GaxCeyOz PL annealed
in N2-O2-N2 ambient. A slight increment in STD was per-
ceived when the GaxCeyOz PL was annealed in FG-O2-FG
ambient, wherein the formation of weaker bonding between
hydrogen ions and Si could be broken by the electrons dur-
ing forward bias. Further increment in the forward bias
would allow the subsequent injected electrons to be trapped
by these positively charged Si dangling bonds, and these
electrons would be detrapped during reverse biased. The
nonexistence of nitrogen as well as hydrogen ions during
annealing in Ar-O2-Ar ambient would allow more electrons
to be captured by the Si dangling bonds as well as the pos-
itively charged oxygen vacancies during forward bias. Thus,
the highest STD was obtained by this PL as the defects were
located nearer to the interface and could be potentially
detrapped when reverse biased was being applied.

The interface quality between the investigated GaxCeyOz
PL and the Si substrate was analyzed using the Terman’s
method in which the interface trap density (Dit) could be
determined based on the subsequent equation [86]:

Dit =
Coxd ΔVg

qAd Φs
, 10

where ΔVg = Vg – Vg ideal is the voltage shift between the
experimental (Vg) and the ideal curves and Φs is the surface
potential at a specific gate voltage. Figure 10 shows the calcu-
lated Dit values as a function of energy trap level (Ec-Et) for
GaxCeyOz PL subjected to different postdeposition annealing
ambient. It was perceived that the best interface quality was

attained by GaxCeyOz PL annealed in N2-O2-N2 ambient
due to the acquisition of the lowest Dit. This could be an
indication that the existence of nitrogen ions during anneal-
ing in N2-O2-N2 ambient has succeeded in passivating the Si
dangling bonds as well as forming an attachment with the
oxygen vacancies located near to the interface between Gax-
CeyOz PL and Si surface to reduce the Dit of the investigated
PL. It was noticed that the Dit value of 4 21 × 1012 cm-2 eV-1

at 0.40 eV for the GaxCeyOz PL annealed in N2-O2-N2 ambi-
ent was comparable with Sc2O3 (4 80 × 1012 cm-2 eV-1 at
0.40 eV) [87] as well as HfAlO (4 00 × 1012 cm-2 eV-1 at
0.40 eV) [88] PL subjected to annealing in air and vacuum
ambient, respectively. The acquisition of a higher Dit by
the GaxCeyOz PL annealed in FG-O2-FG ambient could be
related to the existence of unattached nitrogen ions that were
accumulated at the interface in which these nitrogen dan-
gling bonds would degrade the interface quality of the inves-
tigated PL [89, 90]. In addition, the presence of hydrogen
ions with smaller ionic radius during annealing in FG-O2-
FG ambient would be able to diffuse faster to the interface
to passivate the Si dangling bond in which more nitrogen
dangling bonds could be formed leading to the attainment
of a higher Dit when compared with GaxCeyOz PL annealed
in N2-O2-N2 ambient. It was also discovered in this research
work that nitrogen and/or hydrogen ions were effective in
passivating the interface defects, wherein the employment
of Ar-O2-Ar ambient during postdeposition annealing has
contributed to the acquisition of the highest Dit.

Besides, different frequencies spanning from 10 kHz to
1MHz were employed to measure the C-V characteristics
of the investigated GaxCeyOz PL, and the obtained results
were used to calculate interface state density (Nss) based
on high-low-frequency C-V method, conveyed by the subse-
quent equation [91]:

Nss =
1
qA
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where CLF is the lowest value of low-frequency (10 kHz)
capacitance and CHF is the highest value high-frequency
(1MHz) capacitance at voltage corresponding to CLF.
Figure 11 shows the typical different frequencies C-V curves
measured for GaxCeyOz PL annealed in FG-O2-FG ambient.
The calculated Nss value with regard to Vg for the GaxCeyOz

PL is presented in Figure 12. In contrast, GaxCeyOz PL
annealed in FG-O2-FG ambient at gate voltage below
0.05V has procured lower Nss, possibly due to the presence
of fewer nitrogen dangling bonds serving as border traps.
It was noticed that when the gate voltage was increased
beyond 0.05V, the Nss for GaxCeyOz PL annealed in FG-
O2-FG ambient was higher than GaxCeyOz PL annealed
in N2-O2-N2 ambient, denoting that a higher concentra-
tion of border traps was located at a higher energy level.

This observation has further supported the earlier explana-
tion regarding the acquisition of a higher Dit using Terman’s
method for GaxCeyOz PL annealed in FG-O2-FG ambient,
which has suggested that more nitrogen dangling bonds were
formed at a higher energy level. The acquisition of the highest
Nss for GaxCeyOz PL annealed in Ar-O2-Ar ambient was in
agreement with the Terman’s method, wherein the nonexis-
tence of nitrogen and/or hydrogen ions during annealing
was not able to passivate the oxygen vacancies located nearer
to the interface as well as Si dangling bonds.

Figure 13 illustrates the leakage current density-electric
field (J - E) characteristics of the GaxCeyOz PL annealed at
700°C in different ambient. At E below 0.5MV/cm, GaxCeyOz
PL annealed in FG-O2-FG ambient has demonstrated a lower
J due to the existence of a higher concentration of border traps
located at a lower trap energy level in which high-low-
frequency C-V measurement has revealed the acquisition of
a lower Nss at gate voltage below 0.05V. A deterioration in J
was perceived as the E was enhanced to the region of 0.5 to
2.0MV/cm for the GaxCeyOz PL annealed in FG-O2-FG ambi-
ent, which was due to the presence of a higher density of bor-
der traps at a higher gate voltage of 0.05V as well as a higher
Dit. Nonetheless, a sudden improvement in J at E within the
region of 2.0 to 3.0MV/cm for the GaxCeyOz PL annealed in
FG-O2-FG ambient was due to the formation of thicker SiO2
IL and the highest k value when compared with GaxCeyOz
PL annealed in N2-O2-N2 ambient. Although GaxCeyOz PL
annealed in N2-O2-N2 ambient has attained the lowest k value,
this PL was able to withstand the highest electric breakdown
field of ~4.95MV/cm that could be potentially due to the
acquisition of the lowest Qeff , STD, and Dit. It was revealed
that the acquired electric breakdown field (EB) of 4.95MV/
cm for the GaxCeyOz PL annealed in N2-O2-N2 ambient was
better when compared with EB of bilayer HfO2/SiO2
(3.90MV/cm) PL [92]. Moreover, the attained leakage current
density of 2 57 × 10−6A/cm-2 at 1MV/cm for the GaxCeyOz
PL annealed in N2-O2-N2 ambient was lower than the magne-
tron sputtered ErAlO PL on Si substrate (8 40 × 10−5A/cm2 at

Ca
pa

ci
ta

nc
e (

pF
)

180

1 MHz
800 kHz
600 kHz
400 kHz
200 kHz

100 kHz
70 kHz
50 kHz
30 kHz
10 kHz

160

140

120

100

80

60

40

20

0
–4 –2 0

Gate Voltage, Vg (V)
2 4

Figure 11: C-V measurements at different frequencies of 1MHz to
10 kHz for GaxCeyOz PL annealed in FG-O2-FG ambient.

In
te

rfa
ce

 S
ta

te
 D

en
sit

y, 
N

ss
 (e

V
–1

 cm
–2

)

1015

1014

1013

1012

1011

1010

109

108

–3 –2 –1 0

Gate Voltage, Vg (V)

1 2 3

Ar-O2-Ar

N2-O2-N2

FG-O2-FG

Figure 12: Nss plot based on the high-low-frequency approach for
the GaxCeyOz PL annealed in different ambient of N2-O2-N2 [51],
FG-O2-FG, and Ar-O2-Ar.

Ar-O2-Ar

N2-O2-N2

FG-O2-FG

In
te

rfa
ce

 T
ra

p 
D

en
sit

y, 
D

it (e
V

–1
 cm

–2
)

1014

1013

1012

0.2 0.4

Ec-Et (eV)

0.6 0.8

Ar-O2-Ar

N2-O2-N2

FG-O2-FG

Figure 10: Dit as a function of Ec-Et for the GaxCeyOz PL subjected
to annealing at 700°C in different ambient of N2-O2-N2 [51], FG-
O2-FG, and Ar-O2-Ar.

11International Journal of Energy Research



1MV/cm) [80]. It was discerned that GaxCeyOz PL annealed
in Ar-O2-Ar ambient has demonstrated the lowest electric
breakdown field (~2.71MV/cm) due to the formation of the
thickest SiO2 IL as well as the less dense GaxCeyOz PL, result-
ing in a poor J - E characteristic. It was postulated that the for-
mation of the thickest SiO2 IL during annealing in Ar-O2-Ar
ambient would assist in enhancing the electric breakdown
field of this PL with the requirement that a high-quality SiO2
IL was formed. However, the attainment of the poorest J - E
characteristic by this GaxCeyOz PL annealed in Ar-O2-Ar
ambient has suggested that a low quality of SiO2 IL was
formed contributing to a degradation in EB of this PL.

4. Conclusion

A comparison study among GaxCeyOz PL annealed in differ-
ent ambient (N2-O2-N2, FG-O2-FG, and Ar-O2-Ar) was car-
ried out systematically. Hydrogen present in the FG-O2-FG
ambient would attach to oxygen vacancies in the GaxCeyOz
PL, stimulating diffusion of nitrogen from the ambient to
the GaxCeyOz/Si interface. Effectiveness of nitrogen and/or
hydrogen in reducing the formation of SiO2 IL was reported.
The extracted ED and EID values (3.87 to 4.07 and 2.99 to
3.68 eV, respectively) were within the range of reported
values for CeO2 and Ga2O3, which further reinstated the for-
mation of the ternary GaxCeyOz phase. The GaxCeyOz PL
annealed in FG-O2-FG ambient possessed the largest k value
of 18.24, followed by the samples annealed Ar-O2-Ar (15.94)
and N2-O2-N2 (11.27) ambient. It was revealed that N2-O2-
N2 ambient was effective in passivating Si dangling bonds
and oxygen vacancies in addition to the accumulation of
nitrogen at the interface, which resulted in the acquisition
of a lower Dit, Qeff , and STD. However, a higher concentra-
tion of unattached nitrogen in the GaxCeyOz PL annealed in
FG-O2-FG has degraded the interface quality when com-
pared with the sample annealed in N2-O2-N2 ambient.
Moreover, annealing in Ar-O2-Ar ambient has led to the

acquisition of the lowest EB (2.71MV/cm) due to the attain-
ment of the highest Qeff , STD, Dit, and Nss. Hence, it was
perceived that a low quality of SiO2 IL was formed during
annealing in Ar-O2-Ar ambient contributing to the attain-
ment of the lowest EB. Although the GaxCeyOz PL annealed
in N2-O2-N2 ambient has a lower k value than other sam-
ples, the acquisition of a high EB of 4.95MV/cm could be
associated to the acquisition of low Qeff , STD, Nss, and Dit,
which have supported its compatibility as a potential candi-
date as a high-k PL for future Si-based MOS applications.
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